For Reference 


NOT TO BE TAKEN FROM THIS ROOM 


For Reference 


NOT TO BE TAKEN FROM THIS ROOM 


Gx upais 


UNIOERSTCACES 
AIBERTAENSIS 


9000005 

niversity of Alberta 
Printing Department 
ee 


Digitized by the Internet Archive 
in 2018 with funding from 
University of Alberta Libraries 


https://archive.org/details/Cope1962 


THE UNIVERSITY OF ALBERTA 


THE REDUCTION OF AROMATIC NITRO COMPOUNDS 
BY SULPHIDE AND HYDROSULPHIDE IONS 


A THESIS 


SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE 


OF 


DOCTOR OF PHILOSOPHY 


BY 
0.J.COPE 


DEPARTMENT OF CHEMISTRY 


EDMONTON, ALBERTA APRIL 1962 


ACKNOWLEDGEMENT 


The author wishes to express his grateful 
appreciation to Dr.R.K.Brown for his enthusiastic 
guidance and encouragement throughout the course of 


this work. 


sides. ian 7 


“te Sesame sit dibos 


ABSTRACT 


As a prerequisite to the study of the reduction of nitro- 
benzene by sulphide and hydrosulphide ions, the composition of 
sodium polysulphide solutions has been examined. The spectro- 
photometric methods used indicated that the composition of these 
solutions is dependent on pH. A method was developed, using 
spectrophotometric techniques, which allowed the polysulphide 
produced during the course of nitrobenzene reduction by sulphide 
or hydrosulphide to be determined. However attempts to adapt 
this method to the determination of the degree of hydrolysis of 
these polysulphide solutions, was unsuccessful. 

The reduction of nitrobenzene by sodium sulphide in aqueous 
ethanol has been examined. Both the sulphide and hydrosulphide 
species are considered to be responsible for the initial very 
slow reduction with possibly some contribution from traces of 
polysulphide ions. The reduction is markedly accelerated by the 
addition of elemental sulphur, which forms poly (probably di-) 
sulphide, a much more reactive reducing species. The formation 
of "active" elemental sulphur during the course of the reduction 
produces disulphide and thus gives rise to an autocatalytic reac- 
tion. Some of this elemental sulphur is lost as thiosulphate by 
reaction with hydroxyl ions produced by the reduction itself, and 
by hydrolysis of sulphide and disulphide ions. The addition of 
base increases the rate of reduction due to a shift in the equil- 


ibria $+ HO = HS + OH and s+ HO HS+ OH , but this is off- 


set by greater loss of the active elemental sulphur as thiosulphate, 


thus decreasing the autocatalytic acceleration of rate. 
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The reduction of nitrobenzene by sodium hydrosulphide and 
hydrodisulphide in aqueous media has also been examined. Nitro- 
benzene is reduced by the HS ion initially as far as phenyl- 
hydroxylamine which is then reduced by HS much more slowly than 
is nitrobenzene. As the reaction progresses HS. is formed which, 
along with the small concentration of S, present, is responsible 
for the observed autocatalysis. However HS, reduces phenylhy- 
droxylamine faster than it does nitrobenzene and thus the phenyl- 
hydroxylamine concentration reaches a maximum,thereafter declin- 
ing. Thus only aniline and some unreacted nitrobenzene are pre- 


sent towards the end of the reaction. 


The reduction of phenylhydroxylamine by HS to aniline pro- 


23 
by po involves the conversion of yellow HS, only to the colour- 


duces $0. but no detectable amounts of HS whereas reduction 
3} 


less 8,0, ione On the other hand the reduction of nitrobenzene 
by HS and oe is accompanied by an increase in the HS concen- 


tration besides the formation of yx. A comparison of the rate 


constants shows that under the reaction conditions, ee (with the 


trace of es presumably present) reduces nitrobenzene about seven 
times faster than the HS ion. Phenylhydroxylamine is reduced 
two to three times more rapidly by HS, (and the trace of S, pre- 
sent) than is nitrobenzene. — 

Using the appearance of polysulphide as a measure of the 
rate of reduction, a comparison of the relative reduction rates 
of p-alkylnitrobenzenes by hydrosulphide ion has been carried out, 
where the alkyl substituents were methyl, ethyl, i-propyl and 
t-butyl. A Baker-Nathan order was observed and the results are 


discussed in terms of hyperconjugation and solvent effects. 
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PREAMBLE 

The genesis of this thesis was an attempt to rationalize 
the selectivity observed in the reduction of various aromatic 
polynitro compounds by sulphide and disulphide reducing agents. 
Specifically, 2,4-dinitrotoluene on reduction with ammoniacal 
hydrogen sulphide at room temperature gives predominantly the 
h-amino-2-nitro product in 80% yield (1). However, reduction 
with stannous chloride in acid medium provides the 2-amino-4- 
nitro isomer (2), although Blanksma reports the formation of 
some of the 4-amino-2-nitro compound as well (3). Hodgson att- 
empted to explain the selectivity observed by invoking the Baker- 
Nathan effect (4). 

He postulated that the hyperconjugative effect of the methyl 
group in 2,4-dinitrotoluene is greatly assisted by the two nitro 
groups which are in the ortho and para positions to it. Asa 
result, two possible resonance or contributing forms, one for 
the ortho and one for the para quinonoid structure, can be writ- 


ten for the molecule as shown below: 
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Structure II will predominate owing to its greater stability. 
According to Hodgson (5) the ease of reduction of the nitro group 
is dependent on the ease of detachment of oxygen from the nitro 
group, and this in turn is facilitated the more negative the ni- 
tro group is. Hence, as the resonance structure II predominates 


the 4-nitro group will be relatively more negative and therefore 
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Bi 
more easily reduced. Hodgson employs the term "negative" and 
"positive" as synonyms of nucleophilic and electrophilic, res- 
pectively. 

In acid solution, Hodgson presumes the hyperconjugative 
effect to be at a minimums and thus the electron release of the 
methyl group is primarily inductive in nature. Thus the 2-nitro 
group will be more negative than that in the 4 position and, as 
a result, more susceptible to protonation. The highly positively 
charged group resulting is then preferentially reduced by the 
acid stannous chloride. In other words, the foregoing explana- 
tion is contingent upon Hodgson's hypothesis that a relatively 
negative nitro group is more susceptible to reduction by sulphide 
ions whereas a relatively positive nitro group is more easily re- 
duced by acid stannous chloride. 

However, the bulk of experimental evidence in the literature 
would seem to cast doubt on the validity of Hodgson's rationale. 
Firstly, the fact that 2,4-dinitro-t-butylbenzene is also selec- 
tively reduced by sulphide to the 4-amino-2-nitro compound (6 
and 7) cannot be explained by a similar recourse to hypercon- 
jugation. Secondly, the reduction of aromatic nitro compounds 
is facilitated by the presence of electron withdrawing groups in 
the molecule, whether the reduction is acid stannous chloride (8) 
or sodium disulphide (9). In fact, Ogata (10) reports the very 
large positive Hammett p value for the disulphide reduction of 
nitro compounds of +3.55. Thus, the attack of the sulphide ion 
or disulphide ion is at a site of relatively low electron density; 
and, a priori, this may be on the nitrogen atom or on one of the 


oxygen atoms of the nitro group. 
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It would seem necessary in order to evolve a general theory 
of selectivity in the reduction of aromatic polynitro compounds 
that the interplay of various factors must be taken into consid- 
eration. Thus, in addition to electronic effects, steric con- 
siderations not only of the substituents but of the reducing 
species itself are doubtless important. For instance, Verkade 
(12) found that sodium disulphide reduction of 2,4-dinitroani- 
sole gave a ratio of the 2-amino-4-nitro isomer to the 4-amino- 
2-nitro isomer of 4:1, whereas the corresponding ratio for re- 
duction of 2,4-dinitroisopropoxybenzene was 0.9:1. In this case, 
at least, the large change in isomer ratio would be attributable 
to the bulky nature of isopropyl group compared with that of the 
methyl group. Also, to a lesser extent, the nature of the sol- 
vent appears to be important since Verkade (12) found that the 
reduction of 2,4-dinitro-n-propoxybenzene with disulphide gave 
an isomer ratio of 1.7:1 in completely aqueous medium and 1.55:1 
in ethanol. 

Schroter's (13) excellent review of the reduction of nitro 
compounds gives many examples of selective reduction of dinitro 
compounds where the nitro groups are ortho, meta or para to one 
another. A superficial examination of these uncovers no obvious 
simple relationships that would allow one to predict the course 
of selectivity in a particular case. 

1. The Problem 

It was decided that a prerequisite to any general theory 
explaining the foregoing selective reduction was a study of the 
reduction process itself. 

The following work, therefore, has been limited to an exam- 


ination of nitrobenzene reduction by sodium sulphide in aqueous 
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ies 
ethanol and to the reduction of nitrobenzene by sodium hydro- 
sulphide in aqueous solution. These specific cases were cho- 
sen, in the first place, because they have, to date, received 
relatively little detailed study. Also, it was thought desir- 
able to conduct these reduction studies under conditions likely 
to be employed in preparative work. Thus, the observations 
made here would be of some practical value in assessing optimum 
reaction conditions for sulphide and hydrosulphide reductions 
in synthetic work. 

As the complexity of the monosulphide reduction was shown 
to be partly due to its high and changing pH, it was decided in 
the case of the sodium hydrosulphide reduction to use a solution 
with some buffering capacity. To this end the sodium hydrosul- 
phide was prepared by adding slightly over one molar equivalent 
of ammonium chloride toi. This system has been used before in 
preparative work as will be discussed later and theoretically 
corresponds to ammonium hydrosulphide, also commonly used in 
preparative work. In order to test the sensitivity of the me- 
thod evolved here for following reduction rates using sodium 
hydrosulphide, a comparison of the relative rates of reduction 
of p-alkyl nitrobenzenes was undertaken (where the p-alkyl group 
was methyl, ethyl, isopropyl and tertiary butyl). In attempting 
the same comparison using sodium sulphide as the reducing agent, 
p-nitrotoluene suffered oxidation to some extent, causing inter- 
ference with the expected course of the reduction. This will be 
discussed in more detail below both in the literature survey and 
in the experimental section. The results obtained from the com- 


parative reduction rates would allow some deductions to be made 
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as regards the electron releasing abilities of the various alkyl 
groups in such a system; in other words a system where the acti- 
vated complex formation is favoured by electron recession from 
the reaction centre. 

As will be pointed out later, hydrosulphide reduction of 
mononitro compounds often leads to N-substituted hydroxylamine 
formation. Thus it was necessary to establish the nature of the 
final reduction product and also of any intermediate reduction 
products formed in significant concentrations during the course 
of the reaction. 

In addition to the foregoing work an attempt was made to 
develop a photometric method for determining the concentration 
and degree of hydrolysis of polysulphide solutions. As a result 
of this work several important implications have emerged as to 
the nature of such polysulphide solutions. 

The review of the literature pertinent to this thesis has, 
of necessity, had to be expanded to include an examination of 
the literature concerned with the constitution of polysulphide 
solutions. Examples of sulphide and hydrosulphide reductions in 
the literature are examined as regards reaction conditions and 
the nature of both organic and inorganic reaction products. 

2 Literature Survey 
Constitution and Degree of Hydrolysis 
of Sodium Sulphide and Polysulphide 

During the course of this work Ogata (10) published his work 
on the disulphide reduction of nitrobenzene in aqueous methanol 
at 50°C. Bullock and Forbes (1) previously had studied in some 


detail the disulphide reduction of sodium m-nitrobengenesulphonate 
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in water at 25°C. Thus, the present work was confined to a study 
of the reduction of nitrobenzene by sodium sulphide and also by 
sodium hydrosulphide. However, as polysulphide was generated dur- 
ing the course of both these reductions, it became necessary to 
have some understanding of the nature of polysulphide solutions. 

Although various studies have been made of the nature of 
polysulphides (14) (15) (16), the subject is still not fully 
understood; and, in fact, the literature contains some apparent 
contradictions. 

There is general agreement on the fact that the various 
polysulphide ions, se (where in aqueous solution x = 2 to 5), 
exist in mobile equilibrium with one another. However, Gerischer 
(17) by measuring the rates of solution of sulphur in various 
polysulphide solutions of composition ce (where x is 1 to 4) 
found that solution took place most quickly when x = 2. Thus 
one would expect that in a reaction where sulphur is formed in 
situ, as in sulphide reductions, that the disulphide initially 
formed would compete more effectively for sulphur than does the 
original monosulphide. Thus Ss; would tend to accumulate. How- 
ever, this does not necessarily contradict the conception of a 
mobile equilibrium between the polysulphide ions; as it is con- 
ceivable that, although S; is kinetically preferred, subsequent 
establishment of thermodynamic equilibrium may give rise to the 
normal position of mobile equilibrium between the various poly- 
sulphide species. However, Gerischer's work suffers from the 
uncertainty common to much of the work in this field: - that is, 
doubt as to the exact constitution of initial polysulphide. Thus, 


the dissolution of 1 molar equivalent of sulphur in a molar solution 
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of sodium monosulphide would not give a one molar solution of 
disulphide ion, if the concept of a dynamic equilibrium is to 
be maintained. In fact, appreciable quantities of Sie Ss" and 
Ss" may be present depending on the equilibrium Ee in- 
Lae Pearson (14) has suggested that S is relatively un- 
stable, because of the tendency of sulphur to give higher poly- 
sulphides than 5 when dissolved in sodium sulphide solution. 
Moreover, it is less thermally stable than the other polysul- 
phides. On the other hand Pearson considered S, to be relati- 
vely stable because of the covalent bond between the two sul- 
phur atoms. Likewise he suggested that Sy, because of its sym- 
metrical structure, (6-S—S39) was relatively stable. As Si, 
is known to be quite stable, Pearson suggests a structure of 
the type(S784 to explain this. However, there is no other 
=) 

evidence in the literature to support the existence of a 5-mem- 
bered ring in the Ss, ion. 

Pearson also prepared Na,5¢ in absolute ethanol. And, as 
addition of water to this caused a quantitative precipitation 
of one atom equivalent of sulphur, it appears that S, is the 
highest polysulphide stable in aqueous medium. It is of interest 
to note that polysulphides up to s, have been prepared from met- 
allic sodium and elemental sulphur in liquid ammonia (18). Also 
it is claimed that a compound of the definite composition NaS, 
can be prepared directly from its elements under boiling toluene 
(19). Nevertheless, the transferrence of polysulphide of known 
composition in non-aqueous medium to anaeous medium could intro- 


duce the possibility of the establishment of a mobile equilibrium 


and, therefore, an uncertainty as to composition. 
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Peschanski (15a) also has shown that "polysulphide" concen- 
tration is linearly proportional to the quantity of sulphur dis- 


solved in sodium sulphide, and that x in Na Sy reaches a maximum 


2 
of five in water. Furthermore, the pH was found to be indepen- 
dent of concentration of sodium polysulphide in the range between 
O.4 and 0.8 M for the various polysulphide solutionse Also a 
marked “buffer" effect was noted for epee where 2=x<4, result- 
ing in very little change in pH with increasing sulphur content 


Pe: 
from pH measurements using a glass electrode and redox potential 


from Na_S. to Ra In a subsequent paper, Peschanski (15b), 


measurements made against a normal hydrogen electrode, was able 
to calculate a likely distribution of the different polysulphide 
ions in various polysulphide solutions. The following results 
are given for a 0.456 M solution. The first example 1. is for 
what is normally assumed to be Hae (here x actually = 1.96). 


SH Ss” 85 83 S), Se 
ike 0.280 0.004 O57 053 ©2076 OO55 3.008 
Be Ono 0.006 O75 035 0,055 0.018 0.003 


and the second example is for a NaS solution where x = 1.45. 
Before considering these results, the following sources of 
error must be borne in mind. Firstly, no effort was made by 
Peschanski to avoid air oxidations; although the author reports 
that such a reaction took place to give thiosulphate ion. Second- 
ly the value of pk, for hydrogen sulphide of 14.9 used in Peschan- 
ski's calculations is of doubtful accuracy as will be seen in a 
subsequent discussion below. No reference was given for the value 


used; and, furthermore, it involved only one significant figure. 
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Moreover, the results obtained do not take into consideration 
the species SH where x > 1. However, assuming the validity 

of the final results, the first surprising fact is the high 
concentration of Ss; in both cases. This would seem to contra- 
dict Pearsonts (14) observation that - is relatively unstable 
as compared to bc and S). Another unexpected feature of these 
results is the relatively low concentration of Ss" ,» which in 
example 1, is actually lower than the concentration of S, pre- 
sent. 

It may nevertheless be reasonable to suppose that at lower 
concentrations of dissolved sulphur, e.g. where x in Naas. lies 
between 1.0 and 1.1, the predominating polysulphide species are 
S- and = If these two ions have comparable reducing abilities, 


2 
the overall kinetic picture becomes less complicated. 


Degree of Hydrolysis of Sodium Sulphide 


It is well known that sodium sulphide is extensively hy- 


drolysed in aqueous solution according to the equation: 

once Hos HS + OH 
and Kuster and Heberlein (23) indicate 50% hydrolysis for one 
molar sodium sulphide. In order to calculate the degree of hy- 
drolysis, the second ionization constant of hydrogen sulphide 
has to be known with some degree of accuracy. Unfortunately, 
there is considerable disagreement in the literature as to its 
value (20) and (21). Kubli has reviewed the literature and 
found values of pK ranging fee secs to liege. Taking into 


consideration the activity of the hydroxyl ions in solution, 
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and using special electrodes to measure the pH of the solutions, 
he has obtained a value of 12.44 @ 20°C (22). 

Ogata et al. state that the hydrolysis constant of sulphide 
ion in aqueous solution is approximately 10. However, no refer- 
ence source is given; and presumably the values of ne = 1 ie: 
and Bs for hydrogen sulphide of 1 x ee have been used. It is 
evident that small errors in the measurement of SS will produce 
relatively large errors in the hydrolysis constant and thus in 
any estimation of the degree of hydrolysis of aqueous sodium sul- 
phide solutions. Two further complicating factors now arise in 
the present work. Firstly, as the solution is at 50 C, the value 
fox Be must be determined at that temperature. Secondly, as the 
reaction solvent is aqueous ethanol, the meaning of pH under these 
circumstances becomes a little vague. Thus, it was deemed neces- 
sary to make pH measurements of the sodium sulphide solutions in 
question at 5) and it is believed that the hydroxyl ion acti- 
vity and alcohol effect have been successfully taken into consid- 
eration. 

No measurements of the ionization constants of hydrogen di- 
sulphide are available in the literature as far as this author 
is aware. Ogata, in his work, has made a speculative guess as to 
the magnitude of the corresponding hydrolysis constant (K, a2) e 
but even this is based on the assumption that the value of the 
hydrolysis constant for sulphide ion is 10. 

Kuster and Heberlein (23) have measured the extent of hydroly- 
sis for a 0.05 molar aqueous solution of NO ase? where x varies 
from 1 to 5, and claim a decreasing tendency to hydrolysis with 
increasing sulphur content. Hydroxyl ion concentrations were de- 


termined by dilatometrically studying the rate of diacetone 


sot 


pecoituloe sit to Hq orl ewesen ot eatortoete tatoo 3 
($8) 9°08 @ JJ.SE Yo eutev 8 aa | 
ebidatae %6 Saevenoo stator beet, ode tent otsie -ts ee ES 
~retet on revere ‘Or. ‘_Lesamixor age et sotsutos avooup 
eit Of x if = ae to eoulav eds videmveana Sus inevig + aor 
et aI pee need evad are or xf 20 ebidatoe TeR07 bY 7 
eowhorg Chin ae “to ditemevis cent edt at BTONTS Eas Ms 
ni eude bas aa elaylorbyd els at atoms 9] | | 
-[ye auibos ayoaupe to efeytorbya To. eetgsh exis” 20. nota : 
ot seirvs = erotoat amigeotiqmos venti? aT sett | 
sutav edt ap O@ te et soldufos oda an. hte tt. 


pani tebru Hq to antasem aig tonedte ex avosupa at oa 
~292en, hemeeh Zev ot aut sugev ¢ efssif s e oe i 8 
at enotsefoe ‘abtriqfve mirkhoe end Yo ednemeryesom 1 i 
-Ezos mot [yxorbyrl end dada bevetLed et tt bas om 


~“btenoo otal seiss yifvleesoowe need sved Joette Lon 


~bb aegothyd to sinadenoo nokieginot elt to 
soda atid es Te as ewestadtf ed¢ at elds: 

od 28 seeup evitelvosqe 5 sham end .arow aid mt. 
WS. = Pl dastanoy elevforhyd gathaogesries edd 4 
oft Yo eulayv gilt tedy notitqmuecs isthe 

“OL et mot ebtdgive 132 

YLosbyd Yo Jies*%e off tevuesom sved. = . ai 
welvay x gredn 4) & a8 To-nohiates a upA alo 
Hotw etayLorvtryr = until aakerenoat 6 


-oh ete saoliertasonon sot fyxorbyl 


ecodeoelh Yo ede7 edd gabybuse ots 


hua’ sarin 


= Lie 
alcohol hydrolysis, which is directly proportional to hydroxyl 
ion concentration. 

Thus, whereas for the monosulphide, hydrolysis occurs to 
the extent of over 80%, the pentasulphide ion is practically 
100% un-hydrolysed. On this scale of comparison the disulphide 
is approximately 60% hydrolysed which would correspond to a hy- 
drolysis constant of 0.045. However, again the question arises 
as to whether the supposed disulphide is in fact only disulphide 
or whether the hydrolysis measured is not in reality a composite, 
resulting from the various polysulphides present. 

In the present work it was found that the pH of a 0.16 M 
solition of sodium sulphide underwent no detectable change after 
an equimolar quantity of sulphur was dissolved in it. However, 
at these high hydroxyl ion concert rations relatively large changes 
in degree of hydrolysis produce correspondingly very small chan- 
ges in pH. 

Despite the lack of precise data on this question, one fairly 
certain fact emerges. This is, that in the system under study 
in this work, the sulphide ion initially present and the poly- 
sulphide ions subsequently formed are hydrolysed to a large, 
though undetermined, degree. Thus, at ieast four possible re- 


ducing species are present at any given time after the inception 


of the reaction vize S  , HS ,S, and HS, ions. If Pes- 


chanski'ts deductions are valid then, of course, the presence of 


2 
is somewhat simplified by the far superior reducing ability of 


higher polysulphides than S. is possible. This complex situation 


the disulphide (S,) ion over the others as will become evident 


in the subsequent examination of the experimental results. 
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Despite the fact that an equilibrium between the various 
polysulphide species seems to be generally accepted, most authors 
assume that only disulphide is formed when an equivalent of sul- 
phur is dissolved in sodium sulphide. There are numerous exam- 
ples of this assumption where disulphide is used in preparative 
work in ethanolic (24) and (25) and in aqueous medium (26) and 
(27). Whereas, presumably the constitution of the polysulphide 
used in these cases is not of great importance from a prepara- 
tive point of view, in a kinetic study the exact nature and var- 
iety of the reducing species used is definitely of some concern. 
However, Ogata et al. (8) and Bullock and Forbes (9) both assume 
their reducing species to be only So although the former workers 
use aqueous methanol and the latter only water as the reaction 
solvent. It is probably useful at this stage to summarize the 
findings of these two workers, as some of their results are per- 


tinent to the present work. 


In the first place a study of the reduction by sodium sul- 
phide was abandoned by Ogata as being too slow to follow kine- 
tically. Bullock and Forbes, however, conducted a cursory in- 
vestigation of the reduction of sodium meta-nitrobenzene sul- 
phonate with sodium sulphide and hydrosulphide and discovered 
the autocatalytic nature of these reductions. Ogata et al. ap- 
parently did not refer to the work of Bullock and Forbes. The 
latter demonstrated that the reduction of the nitro compound 
was first order with respect to nitro compound and second order 


with respect to disulphide ion. However, when allowance was made 
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for hydrolysis by making the solution 0.75 M in sodium hydroxide, 
essentially buffering hydrolysis of the disulphide, they were 
able to show that the reduction was actually first order with 
respect to the disulphide ion itself. 

It is rather surprising that, without taking this hydroly- 
sis into account, Ogata et al. found an exact second order rela- 
tionship in their work; while Bullock and Forbes observed a first 
order relationship. In addition, Ogata et al. took no direct pre- 
cautions to eliminate oxygen from their system. They did in cer- 
tain cases make corrections for air oxidation by the use of blank 
experiments, although this failed to correct a divergence from 
the rate constants found in other runs by a factor as high as 6. 

Bullock and Forbes maintained a stream of nitrogen over the 
reaction mixture in their experimental work. In the present work 
it was found that sodium sulphide solutions of sulphur are ex- 
tremely sensitive to air oxidation, and that it was necessary 
not only to keep the reaction mixtures under a nitrogen atmos- 
phere but to deaerate all reaction solvents prior to use. In 
Bullock and Forbes’ work the chief product of disulphide oxida- 
tion by nitro compound was thiosulphate, which was shown to have 
arisen indirectly through the reaction of sulphur formed from the 
initial reduction with the hydroxyl ion also generated according 
to equations 4 and b 


= o= = 
4S + 60H — So ea 25 + ae (a) 


ArNO,, + 38, + 4H OO —> ArNH + 68 + 60H (b) 
2 


However, higher polysulphides are almost certain to have been 
formed initially, as some of the sulphur formed in situ would 


easily react with disulphide as shown in equation ¢ and d. 
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4 
They did in fact note that the colour of the reaction mixture in- 
tensified, this yellow colour being a maracteristic of polysul- 
phide solutions. 

Another possible source of error in their analyses was their 
iodometric determination of thiosulphate ion following the preci- 
pitations of sulphide with cadmium carbonate. The hydroxyl ions 
generated during the reaction would not have been removed from 
solution using this procedure. Presumably this fact was apprec- 
iated, for in a subsequent stage of product analysis sulphide 
ion was precipitated with cadmium carbonate and the remaining 
solution titrated with standard acid to demonstrate a large in- 
crease in hydroxyl ion concentration. Since iodine‘'s colour is 
discharged instantly upon reaction with hydroxyl ion, failure to 
remove hydroxyl ions would result in an inaccurate estimation of 
thiosulphate and sulphide ions by this technique. 

Bullock and Forbes further established that no sulphite ion 
was formed and that the only reduction product was the amine. 
Ogata et al. similarly were able to demonstrate that the amine 
was the only product of nitro compound reduction. They, however, 
undertook no examinations of the inorganic components of the sys- 
tem and apparently assumed that the trivial stoichiometric equa- 


tion 
ove NO + NaS + HO->C 


H NH + Na SO (e) 
5 5 ip 2 65) 2 272° 3 


represented the full course of the reaction. 
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Sodium Sulphide as a Reducing Agent 

Sodium sulphide is not as highly favored in preparative 
work as is the polysulphide which reacts much more quickly, or 
as is the hydrosulphide which can be used where a low hydroxyl 
ion concentration is required. However, there are many examples 
of its use in the literature for the reduction of mononitro com- 
pounds (1) and (28,a-f). The products in the references given 
are amines in each case. In the present work involving the sod- 
ium sulphide reduction of nitrobenzene in aqueous ethanol at 50°C 
only aniline was detected as a reduction product. 

The well known scheme of stepwise reduction of aromatic 
nitro compounds indicated by Haber'ts (29) work is shown in equa- 
EAL ORO eS | 


slow fast fast 
NO RO) — 7 UR NHOH ==> ue (f) 


However, an alternative route of a competing condensation 
reaction between the nitroso compound and N-phenylhydroxylamine 


to give an azoxy compound is possible. 
0 
RNO + RNHOH ——> R-N=N-R —+ H.,0 (g) 


The kinetics of this condensation have been studied by var- 
ious workers (30), (31) and (32), and it has been shown to be a 
fast reaction which is very strongly catalyzed by hydroxyl ions. 
However, the absence of any bimolecular condensation products in 
the present work indicated that either the N-phenylhydroxylamine 
was reduced by the sulphide or polysulphide ion almost as fast as 
it was formed, or that nitrosobenzene was not formed as an inter- 


mediate in this reduction. This must also have held in Ogata's work 
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where no azoxy formation was observed. In their case a cursory 
examination of azcxybenzene reduction by sodium disulphide showed 
it to be reduced 10 times more slowly than the nitrobenzene and 
thus, its presence amongst the products would be expected if this 
reaction sequence were operative. A similar experiment in the 
present work suggested that the reduction of azoxybenzene with 
sodium sulphide is very slow and only proceeds as far as azoben- 
zene. Thus, its presence would easily have been detectable. 

As mentioned before, Ogata et al. considered the nitroben- 
zene reduction by monosulphide to be too slow to follow kineti- 
cally, and Bullock and Forbes demonstrated the autocatalytic 
nature of this reduction in the case of sodium m-nitrobenzene 
sulphonate. Rashevskaya has suggested from a study of the sodium 
sulphide reduction of nitro compounds at 50°C that the sulphide 
is first oxidized to the tetrasulphide. The latter, in the pre- 
sence of sodium hydroxide, will also reduce the nitro compound, 
and in doing so is itself oxidized to thiosulphate ion (33). 
Hodgson (34) has proposed a mechanism for hydrosulphide reduction 
of nitro compounds which is extremely speculative in nature and 
involves attack of the negatively charged reducing species dir- 
ectly on the relatively negatively charged OXYGEN of the nitro 
group. The mechanism does not explain the observed increase of 
pH during the reaction: nor does it account for the intensifying 
of yellow colour during the reaction. Presumably, if thiosul- 
phate were to be the only product of hydrosulphide or monosul- 
phide reduction, such reaction mixtures at the completion of 
reduction should be colourless. This is not the case (see Experi- 


mental Results). It is most important to note that examples of 
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hydrosulphide, sulphide and polysulphide reductions in the pre- 
parative literature seldom involved any precautions to exclude 
air from the reaction mixture. Polysulphide and monosulphide 
ions are very susceptible to air oxidations; and, thus, the form- 
ation of thiosulphate via direct air oxidation of these species 
cannot be excluded. During the course of this present work, it 
has been qualitatively shown that bubbling air through such solu- 
tions caused a discharge of the characteristic yellow colour of 
polysulphide and resulted in the formation of thiosulphate ion. 
From this consideration, and from Bullock and Forbes*' work, it 
would appear that the propensity of such reductions to produce 
thiosulphate is dependent on the pH of the system. Thus, thio- 
sulphate is favored at higher hydroxyl ion concentrations due to 
competition by reaction (b). However, from Bohnholtzer and Hein- 
rich's study of the electrolysis of sodium sulphide, the nature 
of the oxidation products would seem to be dependent on the oxi- 
dation potential and nature of the electrodes used (35). Thus, 
using a bright platinum electrode at low current and low poten- 
tial, only polysulphide was obtained. When the electrode was 
coated with finely crystalline rhombic sulphur and the potential 
kept below 0.1 volts, the sulphur coating dissolved to form poly- 
sulphide; again, no other sulphur-containing product was formed. 
However, at high potentials, sulphate and some dithionate were 
formed when a bright platinum electrode was used$ whereas an 
electrode coated with sulphur afforded a mixture of polysulphide, 
sulphate, dithionate and thiosulphate. This further illustrates 


the complexity of the reduction process. 
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Reduction by Hydrosulphide lon 


It was decided to study the mechanism of hydrosulphide ion 
reduction with the view of using this system as a means of com- 
paring the reduction susceptibilities of various substituted 
nitro compounds. 

Because of their high pH, sodium sulphide and disulphide 
solutions cannot be used with compounds containing easily hy- 
drolyzable grouping such as esters. In addition, dias to the 
high nucleophilicity of the sulphide and disulphide ions, hal- 
ogen or even the nitro group itself can be displaced to give 
the corresponding thiol, sulphide or disulphide. For example, 
the sodium sulphide reduction of p-chloro nitrobenzene will give 
p-aminothiophenol (36) or bis-(p-aminophenyl) monosulphide (37) 
depending on conditions. Similarly, sulphide reduction of 1,2- 
dinitronaphthalenes is accompanied by considerable replacement of 
the l-nitro group to give the corresponding sodium mercaptide 
(38). Even attempted sodium hydrosulphide reduction of 0-dini- 
trobenzene yielded almost entirely a mixture of sodium O-nitro- 
phenyl thiol and bis-(O-nitrophenyl) Monosulphide (39). How- 
ever, perhaps the most important side reaction of concern to 
this work is due to the ability of alkaline polysulphide to oxi- 
dize active methylene or methyl groups. Thus, p-nitrotoluene 
yields varying quantities of p-aminobenzaldehyde, depending on 
conditions (40) and (41); and bis (p-nitrophenyl) methane is 
oxidized to 44! - dinitrobenzophenone (42). 

Hydrosulphide has been widely used as a reducing agent in 


various forms for preparative work. Sodium sulphide, to which 
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a molar equivalent of sodium bicarbonate has been added to lower 
the pH, has been used by Vorontzov (43). Hodgson, similarly, has 
used a methanolic solution of sodium sulphide and sodium bicarbon- 
ate which, after precipitation of sodium carbonate, gave a sodium 
hydrosulphide solution (44). 


In theory, all so-called ammonium sulphide (NH, ) S solutions, 


42 


however much excess ammonium hydroxide is present, should contain 
practically no sulphide ions at all. This situation arises be- 
cause of the very high hydrolysis constant for the equilibrium 


(NH) S+HO «<5 NH OH + WH HS (h) 

hee 2 4 4 : 

which is given by K = Kw/KK, where K is the second ionization 
a 

constant of hydrogen sulphide and iS the ionization constant for 


ammonium hydroxide. From the previous discussion concerning the 
second ionization constant for hydrogen sulphide, it can be seen 
that a range of values could be used. However, as in this instance 


the exact value is not of great importance, the value will be ar- 


-14 zs 
bitrarily taken as 1x 10 . Using values for K = 1x 10 ue and 
W 


= =5) 
K = 
b xe 110 


words, the equilibrium lies very largely to the right and even 


a value for s Ofedax 10° is obtained. In other 


very concentrated ammonium hydroxide (16M at a density of 0.90) 
would have very little effect on this equilibrium. Also, whichever 
literature value of iS is used, a will still be large. 

Murray and Walters (45) and Hartman and Silloway (46) have 
employed ammonium chloride and sodium sulphide in equimolar quan- 
tities in the presence of excess ammonia. Aqueous ammonia satur- 
ated with hydrogen sulphide is also a very common reducing agent 
and has been used for the reduction of mononitro (47) and poly- 
nitro compounds (48). Working at lower pH's, hydrogen sulphide 


in the presence of a low "catalytic" concentration of ammonia or 
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other strong organic base has given high yields of reduction 
products (49), particularly in the selective reduction of trini- 
trotoluene (50). Lowe has published a patent describing the 
selective reduction of polynitrotoluenes and benzenes with sod- 
ium hydrosulphide buffered with ammonium acetate to maintain 
a pH of about 8. High yields of the corresponding nitro-amines 


are reported (51). 


Nature of Products in Hydrosulphide Ion Reduction 


In examining some of the foregoing literature, it was of 
interest to note what products were obtained from the reduction 
of nitrobenzenes. In all cases, except for the work of Cohen 
and McCandlish (49), the amine was obtained as the principal 
product of nitro compound reduction. Cohen, in reducing nitro- 
benzene at room temperature with hydrogen sulphide in the pre- 
sence of a trace of ammonia, obtained N-phenylhydroxylamine. 
This was borne out by the report of Goldschmidt and Larsen who 
for the reduction of several nitrobenzenes employed an aqueous 
sodium hydrosulphide solution through which hydrogen sulphide 
was bubbled (52). In this manner at room temperature (25°C) 
N-phenylhydroxylamine was obtained as their chief reduction pro- 
duct of nitrobenzene. 

Similarly, Willstatter (53) has reduced nitrobenzene and 
nitrotoluene to the corresponding substituted hydroxylamines 
with ammonium sulphide in aqueous ethanol at room temperature. 
The same results were obtained by Lapworth in aqueous medium (54) 
where various nitro compounds, including nitrobenzene, were re- 


duced in emulsified form with sodium hydrosulphide to the 
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corresponding hydroxylamine. The temperature in this case never 
rose above gone and the sodium hydrosulphide was made by adding 
the requisite amount of the hydrochloric acid to sodium sulphide. 
It is of interest to note that nitrobenzene has been electroly- 
tically reduced as far as N-phenylhydroxylamine at room tempera- 
tures with a cathode potential of 6 - 8 volts (55). 

The evidence so far seemsto indicate that hydrosulphide re- 
ductions at ambient temperatures only proceed as far as the cor- 
responding phenylhydroxylamine. At higher temperatures the amine 
is often obtained. Thus, at 50°C p-nitrophenylacetic acid is re- 
duced completely to the amine, using ammonium sulphide (47) or 
sodium sulphide-ammonium chloride solution (45). However, even 
at low temperatures, under certain conditions reduction to the 
amine can take place. Thus aqueous pyridine saturated with hy- 
drogen sulphide reduces nitrobenzene even at O°C (56) to give a 
65% yield of aniline after four hours. On the other hand in 
this last-mentioned case, the pyridine also served as the sol- 
vent, for 2 moles of pyridine were used for each O.1 mole of 


nitro compound and less than 0.4 mole of water was present. 
Oxidation Products of Hydrosulphide Jon 


At the low pH's encountered in the foregoing examples, the 
sulphur initially produced by oxidation of the hydrosulphide 
ion was precipitated as such. Thus, under the conditions em- 
ployed by Goldschmidt and Larsen, a more than quantitative pre- 


cipitate of sulphur was obtained on the basis of the equation: 


RNO, + oH.S >. RNHOH, = HO + 2S (i) 
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In fact the ratio of gram-atoms.of sulphur produced to moles 
of nitrobenzene reduced was 2.14:1. This implies that about 
14% of the hydroxylamine was further reduced, probably to the 
amine, although no mention was made by these workers of the 
production of amine (52). 

Likewise, under the conditions employed by Jozkiewicz (56) 
hydrogen sulphide was quantitatively oxidized to sulphur. JHow- 
ever, in both Lapworth's and Willstatter's work, thiosulphate 
ion was formed in addition to polysulphide. This latter sub- 
stance was characterized by the development of its yellow col- 
our. As mentioned before, Hodgson'ts proposed mechanism of re- 
duction by hydrosulphide allowed only for thiosulphate as the 
product of hydrosulphide ion oxidation. Brand (1) likewise 
found that the hydrosulphide reduction of various dinitro com- 
pounds gave thiosulphate as the principal hydrosulphide oxida- 
tion producte 

Goldschmidt (52) observed that reduction by sulphide or 
polysulphide in the absence of hydrogen sulphide gave rise to 
thiosulphate. This, he argued, was of secondary origin due to 
reaction between initially formed hydroxyl ions and higher poly- 
sulphides. This agreed with Bullock and Forbes’ conclusions. 
If this is the only source of thiosulphate ion, then its forma- 
tion at low pH would not be expected. 

On the other hand, if the nitro compound concentration is 
sufficiently high relative to the hydrosulphide ion concentra- 


tion, the generation of hydroxyl ions according to the equation: 


ArNO, + 3HS 4 BO) Nt 38 + 30H Ss) 
2 


may cause a sufficient increase in pH to make thiosulphate 
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formation important. 

On this basis, Schroter's comment (13), that the lower pH 
encountered in sodium hydrosulphide and ammonium sulphide re- 
ductions is responsible for thiosulphate formation is difficult 


to rationalize. 
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SECTION 2. 
RESULTS AND DISCUSSIONS 


PART I 


The ituti Sodi i n i P lphi 


Before any consideration could be given to a kinetic study 
of the reduction of nitrobenzene with sodium sulphide, it was 
first necessary to examine the constitution of aqueous ethanolic 
solutions of sodium sulphide used in this work. In particular a 
knowledge of the extent of hydrolysis of sodium sulphide under 
these conditions (viz. in aqueous ethanol solution at 50°C) was 
required to determine the relative concentrations of sulphide and 
hydrosulphide ion in solution. Since polysulphide appeared during 
the course of the reduction of nitrobenzene with sodium sulphide 
and proved to be responsible for most of the reduction, an attempt 
was made to characterize polysulphide solutions where sodium sul- 


phide was present in large excess. 


extent of hydrolysis of (1) sodium sulphide and (2) sodium 
polysulphi in a u than fro H urem 


1. Sodium Sulphide Solutions 


In view of the variety of values given in the literature for 
the second ionization constant of hydrogen sulphide, it was deci- 
ded to measure the pH of the reduction solutions directly. The 
aim was to obtain at least a rough estimate of hydroxyl ion con- 


centration in the reaction solutions, making allowance for the 
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fact that the solvent was not water. It was observed that a 
0.160 M solution of sodium sulphide in the 40% by weight aqueous 
ethanol had a pH of 12.60 at 50.0°C. A similar solution in water 
had a pH of only 12.00at 50.0°C. 

A series of sodium hydroxide solutions were prepared, and 
two aliquots of each were diluted, so as to give two solutions, 
one completely aqueous, and the other 40% by weight aqueous eth- 
anol. The poucduensidieh of sodium hydroxide in each was then the 
same, although no effort was made to determine the exact concen- 
tration in each case. The pH of each solution was measured at 


50°C and the following results obtained: 


pH at 50°% 
Water Aqueous Ethanol 
TANG EE 12.40 
12.00 12.60 
WAG Ae 12.70 
12.40 13.00 
12.60 13.20 
12.70 13.30 
13.00 13560 


A constant difference of 0.60 pH units was at once discern- 


ible and could be expressed as pH - 0.060. 


H50 = P"—LO — alcohol 
The "alcohol effect" on pH readings obtained for solutions in 
aqueous alcohol has been recorded previously (59). It is seen 
that a knowledge of the concentration of sodium hydroxide in wa- 
ter and the pH to which it corresponds can be used to estimate 
the concentration of sodium hydroxide in an alcohol-water mixture 
by measurement of the pH of the latter solution. In this manner, 


advantage can be taken of the known values of pKw in water for 


conversion of pH to pOH, and hence to hydroxyl ion concentration. 
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Thus, the 0.160 M solution of sodium sulphide having a pH of 12.60 
in aqueous ethanol and 12.00 in water alone, has a hydrogen ion 
concentration of 197 12-00 e Using pKw = 13.26, the value reported 
for a temperature of 50°C (60), the hydroxyl ion concentration of 
Sra ox 10°*M is obtained. The pH readings were considered to be 
accurate to +£0.02 units, hence the hydroxyl ion concentration was 
expressed as 0.055+.002 M. 

A further complication arose from the fact that as pH is a 
measure of hydrogen ion activity and not the actual hydrogen ion 
concentration, the activity coefficient of sodium hydroxide at 
these concentrations and temperatures must be known. The activity 
coefficient of 0.1 molal solution of sodium hydroxide in water at 
25°C is 0.766 (60). However, lacking such data for 50°C, the pH 
of a 0.050 M solution of sodium hydroxide in water was measured 
at 50°C and found to be 11.90. The calculated value, using pKw 
ate 350 C= 13.26, is 11.96. This corresponds to an activity coef- 
ficient of 0.88, which when applied to the hydroxyl ion activity 
of 0.055 obtained above, gave an actual hydroxyl ion concentration 
of 0.063 =+ 0.002 M. 

On the basis of the above calculations, the extent of hydrol- 
ysis of a 0.160 M solution of sodium sulphide in the aqueous eth- 
anol at 50°C was estimated to be 392%. The sulphide ion concen- 
tration in the reduction mixtures studied was therefore 0.097 + 
0.002 M. From these figures a value of 4.1 x 10°* was obtained 
for the hydrolysis constant of sodium sulphide in the aqueous 
ethanol at 50°C. It is realized that these calculations are 
approximations, but they do supply, at least, a rough estimate of 


the sulphide ion concentration. 
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2e Sodium Polysulphide Solutions 

It was initially anticipated that a similar treatment to the 
one outlined above for sodium monsulphide could be applied to the 
disulphide. However, measurement of the pH of a 0.160 M sodium 
sulphide in aqueous ethanol and of the same solution with an atomic 
equivalent of sulphur dissolved in it, showed no significant dif- 
ference between the two solutions. A value of 13.40 was observed 
for both solutions at 25°C. This was surprising, as it was ex- 


pected that HS, would be a stronger acid than H,S even in its 


2 
second ionization constant; which in turn should result in NaS 


BP 
being less hydrolysed than is Na5Se Although the experiment was 
repeated several times and different electrodes used for the pH 
measurements, no difference camld be detected between the two sol- 
utionse However, as pointed out previously, relatively large 
changes in degree of hydrolysis at these high hydroxyl ion concen- 
trations produce relatively small changes in pH. When the above 
solutions were both diluted to about 0.0096 M, the pH of sodium 
sulphide solution was 12.50; whereas, that for the disulphide sol- 
ution was 12.40. Although a difference was discernible at this 
concentration it was obvious that pH measurements constituted an 
unsatisfactory method for accurate determination of the relative 
hydrolysis constants of sulphide and disulphide ion. 

It is of interest to note that a 0.160 M sodium polysulphide 
solution corresponding to Na,S4 in the aqueous ethanol at 25°C 
had a pH of 12.15. This represents a significant difference in 


degree of hydrolysis of the two solutions and corresponds to hy- 


drolysis constants differing by a factor of about 10. 


te 


edt of tmentaort nelimte » tard bedsqtotong, eilebotek J | 
edt of botlage ed bivoo sbitqlvenom mukbor 702 eveds beathd 
metboe M 08f.0 8 to Hq edd 20 dneneruesen vievewol 40 
oimove ie atin aohswloe omnes ede babel bars Lonarkte | uoeupe ait ebsiladte 
tie tneoitingie om beworde, 4th mt bevfogaib ~wdqive Yo sreLevtupe 7 
bevueedo asw Ol.Ef Yo enfiey A snot tule ows odd meewded veonexet - 
“xe e4w tt es: gotetvere: ea etdT “ees 28 enotdwhor Hod 102 — ; 
edi ont osve aeH nets fice cepaonse’ BR od iaow ZOgH Seni bedaey 's 
gece at dives. bisorle oid at doldw yinstemoo motde | ; 

ecw Jremitsqee oft rgwoslA Beit pi. madd benetelaieionne gun 2% 
Hq offs od bees esborsoefs Jasistith bas semis fevevee Betéeqes = 
Loe oni oid mesnsed heteteb ed bine eomereTLEh Gh ye a 
ogtnt vleviseter ‘clesokvesq: duo bedatog as camaes . 
“negro wot fyxoubyel fig tcl epost ve ateyfon bys 20 semgeb at rian ev) 
eveds. ont mofW Hq at eegusdo Liem yflevideler epuboug 


mutbos to Hq edt .M 8000.0 titods 03 bodutth in nin 
~foe ebidqiveth odd 102 sans e897 90ty 102. eew 
etdt te efdiamessth caw esnste?lb « Mawoddla ia 


fis hedhtdenoo G3 sale Tee BoM Aig dade <a i 


evitefo: edd lo molionimmetab etero98 to | 
hol ebtdqiurth bas ebtdqlue Yo es 
ebidqiveyloq muthoa M 08L.0 a tee ston of 3 at 
2°28 te Loaedde suoeupe edd nt ach | aer100 ohiutos 
et ae al 7 
ft eonete? ith Janolttapte a a . 
cove 7), To <a 
“ve oJ shaoqeeti99 has enotiuLos 8 BRM | 
OL awoda Yo 204907 & yd» 


= Ge 
B. The constitution of polysulphide from absorbance measurements 


Although the literature indicates uncertainty as to the com- 
position of polysulphide (see Introduction), it can be argued that 
the polysulphide solutions under study in this work constituted 
a special case. In other words, as the sulphur content in the 
formula Na,S,was within the limited range 1<xx<l.1, it might be 
expected that the polysulphide under these conditions is mainly 
in the form of the simplest polysulphide, 35 » Corroborative 
evidence was supplied for this in the form of the Beer's law 
plot obtained when the concentration of sulphur dissolved in a 
0.160 M sodium sulphide solution (solvent - 40% by weight ethan- 
ol in water) was plotted against absorbance at 450m. (see Ex- 
perimental section, Fig.19.) The extinction coefficient obtained 
from this Beer's law plot was 25 at 25°C. Moreover, the dissol- 
ution of one atom equivalent of sulphur in 0.050 M sodium sulphide 
in aqueous ethanol]. gave a solution also having an extinction coef- 
ficient of 25. 

It seems likely that the linearity observed between absor- 
bance and concentration of dissolved sulphur should be due to. the 
presence of only one polysulphide species, presumably the disul- 
phide. If progressive addition of sulphur up to an equivalent 
of the sodium sulphide present were to produce a parallel change 
in distribution of polysulphide, favoring the higher polysulphides 
at higher sulphur concentrations, then the Beer's law plot would 
have been obtained only if the higher polysulphides have the same 
extinction coefficient as s3 ; due allowance being made for the 


number of sulphur atoms per ion. 
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However the solution corresponding to NaS, made by dissol- 


ving two atom equivalents of sulphur in 0.050 M sodium sulphide 
had an optical density of 2.60, viz. an extinction coefficient 

of 52. This value is slightly more than twice that obtained for 
Na,S,. In order to bring the absorbance values into a range all- 
owing more precise readings, the solution corresponding to NaS, 
was diluted by a factor of 3. The absorbance of the resultant 
solution was 1.165. corresponding to an extinction coefficient 
of 70. This very surprising result of an increase in extinction 
coefficient arising from a decrease in concentration suggests that 
any equilibrium existing between the various polysulphide species 
is dependent on the total polysulphide concentration. 

It is possible that at concentrations of 0.160 M the extinc- 
tion coefficient of the solution corresponding to Na5S.5 is diff- 
erent from either of the preceding values, but due to the very 
high absorbance encountered at these concentrations, this could 
not be measured. 

A 0.05 M solution corresponding to Nags), after threefold di- 
lution gave an absorbance of 2.25, which is about twice that found 
for the corresponding Na,S, solution. Thus, although the Beer's 


law plot does not necessarily indicate the absence of the $3 ion, 


a consideration of extinction coefficients precludes the presence 


of the S ion at the sulphur concentrations indicated in the Beer's 


4 


law plot. As previously observed, the species referred to here 


as Ss, and S| may indeed be equilibrium mixtures containing even 


4 
higher polysulphides and only stoichiometrically corresponding 


to the species indicated. The increase in extinction coefficient 


per dissolved sulphur atom in going from 8, to S, may bea 
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reflection of the lesser extent of hydrolysis of the latter spe- 

cies (23). 

C. The effect of changes in pH on the absorbance of polysulphide 
solution at 450m 


The addition of sodium hydroxide to a solution of sodium 
polysulphide in the presence of excess sodium monsulphide caused 
an increase in absorbance at 450 mie The results for a typical 
experiment are shown in Fig. 1, where it can be seen that suc- 
cessive additions of sodium hydroxide finally produced a maximum 
absorbance unaffected by further basification. This is inter- 
preted as being due to the depression of the hydrolysis of disul- 
phide by the large hydroxyl ion concentration to the point where 
the disulphide is essentially all in the unprotonated form. 

= HO = SoH Of 
This implies, of course, that the disulphide ion has a larger ex- 
tinction coefficient than the hydrodisulphide ion. 

3 Pursuing this argument further, it was then proposed to con- 
vert a similar polysulphide solution completely to the protonated 
form by adding sufficient acid. It was anticipated that from the 
resultant extinction coefficients for the protonated and unproto- 
nated forms, it would be possible to calculate the ratio of disul- 
phide to hydrodisulphide ion at intermediate pHs; particularly, 
that of the reduction mixtures. However, it was found that the 
continual lowering of the pH of polysulphide solutions below 
12.60 (the pH observed for a 0.160 M solution of sodium sulphide 
or disulphide in aqueous ethanol at 25°C) produced a continual 


increase in absorbance. Thus, a solution of sulphur in sodium 
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MOLARITY of SODIUM HYDROXIDE 


Fig.l. The effect of addition of NaOH on the absorbance at 
450 mu of a solution of sulphur in 0.160 M Naps (in aqueous 
ethanol). 
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TABLE 1 


Effect of Added Sodium Hydroxide on the Absorbance 
at 450 mu of a Solution of Sulphur 
in 0.160 M Sodium Sulphide 


Data plotted in Fig. 1. 


Temperature, 25°C. 


Molarity of NaOH Absorbance 
e) ena 
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sulphide corresponding to NaS, which had an initial absorbance 
of 0.450 was acidified by the dropwise addition of concentrated 
hydrochloric acid. The absorbance rose continually to a value 
of 1.580. Further acidification brought about precipitation of 
the sulphur. It was found in subsequent experiments that this 
precipitation took place at a pH of about 7. That chloride ion 
was not responsible for this increase in absorbance was demon- 
strated by adding sodium chloride to the polysulphide solution. 
Even when the solution was almost saturated with sodium chloride 
(keeping its concentration below that at which “salting out" of 
the ethanol took place"), there was no appreciable change in the 
absorbance of the solution. 

The addition of sodium bicarbonate, which causes a lowering 
of pH, also brought about an increase in absorbance of these poly- 
sulphide solutionse For instance, the successive addition of so- 
dium bicarbonate to a solution of sulphur in sodium sulphide hav- 
ing an initial absorbance of 1.092, caused the absorbance to in- 
crease to 1.700. Further addition of sodium bicarbonate brought 
about the "salting out" of the ethanol. In a preparation some- 
what similar to that used by Hodgson (61) a molar equivalent of 
sodium bicarbonate was added to a 0.160 M solution of sodium sul- 
phide containing dissolved sulphur and having an absorbance of 
0.540. The solution was cooled to below 1056, and the superna- 
tant liquid filtered free from the precipitated sodium carbonate. 
The resultant solution, on attaining room temperature (25504), had 
an absorbance of 0.640. Great care was necessary to eliminate 
air in these experiments, as these polysulphide solutions were 


apparently very susceptible to air oxidation. 
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A quantitative corroboration of the foregoing observations 
is found in a comparison of the Beer's law plots shown in Figs. 
19 and:-20 (see Experimental section). The adherence to Beer's 
law already observed for solutions of sulphur in sodium sulphide, 
Figel9 is also apparent for sulphur dissolved in sodium sul- 
phide solutions "acidified" with ammonium chloride to a pH of 
LOe5% i.Fign20o% The previously noted extinction coefficient of 
the former at 50°C is 31.2 whereas that found in the latter case, 
also at 50°C is 51.3. It is apparent, therefore, that the extent 
of polysulphide hydrolysis cannot be gauged employing the absor- 
bance measurements and reasoning previously outlined. However, 
it is of some interest to speculate as to the cause of the higher 
absorbances noted at low pH's in view of the high absorbances also 
noted when the solutions are basified. It is conceivable that at 
these lower pH's the dynamic equilibrium between the various pro- 
tonated polysulphides is quite different from that found in nor- 
mal polysulphide solutions. 

This may in fact be the case, as Pearson claimed (14) that 
the dissolution of sulphur in sodium hydrosulphide gave almost 
exclusively the tetrasulphide, in contrast to the predominance 
of disulphide formed when sulphur is dissolved in sodium sulphide. 
As it has been demonstrated above that the a species does have a 
higher extinction coefficient per atom of dissolved sulphur than 
55 or on , the increased absorbance observed when sodium polysul- 


phide solutions are acidified could be due to the formation of the 


Sy, species. 
Experiments were conducted for the polysulphide solutions 


"acidified" with ammonium chloride to determine the relative ab- 
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sorbances of the higher polysulphides. Thus in aqueous solution 
at room temperature, a 0.45 M solution stoichiometrically corre- 
sponding to NaHS, had an absorbance of 2.30, i.e. an extinction 
coefficient of about 50. A 0.045 M solution corresponding to 
NaHS, absorbed too strongly to be measured, but on dilution to 
0.018 M, had an absorbance of 2.55 corresponding to an extinction 
coefficient of about 1403; almost three times that of the NaHS, 
solution. The further dilution of the 0.018 M solution by a fac- 
tor of two, to give an absorbance of 1.275, demonstrates the ab- 
sence of the dependence of absorbance on concentration observed 
in the case of NaS, and discussed previously. 

It is of interest to note the effect of solvent on polysul- 
phide absorbance as demonstrated in Fig.20 . The extinction coef- 
ficient is raised from 35.0 in water at 50°C to 51.3 in 40% (by 
weight) aqueous ethanol. Also the dependence of extinction coef- 
ficient on temperature is shown by the fact that the value obtained 


at 25°C of 25.6 (Figel9 ) is raised to 31.2 at 50°C (Table 20 ). 
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SECTION 2. 
RESULTS AND DISCUSSIONS 


Part ll 
Product Determination in the Reduction of Nitrobengene by Sodium 


Sulphide in Aqueous Ethanol 


A. rminati f nitroben rg ial 


n tur he final organic reduction pr ; 


As indicated in the Experimental section, only aniline was 
found in the work-up of the reaction mixture. This is in agree- 
ment with Rashevskaya'’s findings (33). Under very similar con- 
ditions, he was able ie recover the corresponding amine in 99% 
yield from the sodium sulphide reduction of o-nitrophenol, and 
in 95% yield from sodium m-nitrobenzene-sulphonate. However, this 
did not necessarily eliminate the possibility that intermediates 
were formed during the course of the reaction, e.g. azoxybenzene 
and azobenzene, and subsequently reduced to the amine. That this 


reaction route, indicated by equation g, 

Cé6HENO +CeH-NHOH -——> C,H N= fic H-+H,O § (g) 

5 6'5 6r5u a2 
Was not competitive with the direct reduction sequence as shown 
in equation £ (see p.15 .) was amply demonstrated in the following 
Way So 
During the course of a typical reduction, aliquots of the 

reaction solution after dilution were examined spectrophotome- 
trically over the range 200 - 400 mu using a Carey recording spec- 
trophotometer. This was done after 50 minutes, 100 minutes and 


also after 24 hours. No peaks were observed, other than that as- 


cribed to the nitrobenzene, after any of the times indicated. 
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Azoxybenzene, azobenzene and hydrazobenzene all absorb strongly 

in the ultraviolet. In aqueous ethanol (60:40 by weight) azoxy- 
benzene and azobenzene both possess an absorption maximum at 320 mp, 
and hydrazobenzene has a peak of 240 mp and a subsidiary broad band 
at 290 to 330 mp. The value for '€'* of these three compounds is 
about twice that of nitrobenzene. Thus, the presence of any of 
these compounds would be easily detected in the presence of nitro- 
benzene, which has a maximum at 265 mp. Likewise, during a typi- 
cal reduction procedure, readings taken at 320 mp (theAmax. for 
azoxy and azobenzene) showed a continual fall during the course 

of the reaction, corresponding to a decrease in nitrobenzene ab- 
sorbance at that wavelength. Azoxybenzene has been converted to 
azobenzene by sulphide (57, 58). However, in this work it was 
found that a 0.005 M solution of azoxybenzene in aqueous ethanol 
also 0.150 M in sodium sulphide underwent no apparent reduction 
during the course of 200 minutes at 50 C. The conversion of 2% 

of the sodium sulphide to disulphide by adding the requisite amount 
of sulphur caused some reduction to take placee Thus, at the end 
of 200 minutes, about 1% conversion of the azoxybenzene had taken 
place as estimated by the decrease in absorbance at 255 my. This 
wavelength corresponds to absorption minimum for azobenzene but a 
maximum for azoxybenzene. Azobenzene was presumed to have been 
formed,as the solution developed a distinct orange colour during 
this time. Hence, even if azoxybenzene were to be formed during 
the course of nitrobenzene reduction, under these conditions it 
would not be significantly reduced further. Moreover, any further 
reduction would proceed only to the azobenzene. As neither of 
these substances was detected during the reduction of nitrobenzene, 
it can be concluded that the bimolecular condensation reaction in- 


dicated by equation g is insignificant. 
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The above results indicated that the course of nitrobenzene 
reduction went entirely by its direct reduction to aniline, with 
the possibility, by analogy to Haber's work (29), that nitroso- 
benzene and N-phenylhydroxylamine were reduction intermediates. 
However the possibility remained that the reduction of the pre- 
sumed intermediate, N-phenylhydroxylamine to aniline was slow 
enough to allow the former to accumulate for at least part of 
the reaction. This would not be very likely however, if nitroso- 
benzene were also a reduction intermediate as at these high hy- 
droxyl ion concentrations the N-phenylhydroxylamine condensation 
reaction with nitrosobenzene (equation g above) would compete 
with the reduction process to produce some azoxybenzene (31). 
Also in the presence of base, N-phenylhydroxylamine undergoes 
mutual oxidation-reduction to give azoxybenzene (62). This was 
demonstrated qualitatively, for the addition of N-phenylhydroxyl- 
amine to an aqueous solution of sodium sulphide gave an immediate 
pale-yellow precipitate, presumably azoxybenzene. Moreover, N- 
phenylhydroxylamine absorbs strongly in the ultra-violet at 320mp 
and thus would have been detected when the reaction solutions were 
examined, as described above, for azoxybenzene. | 
B. Thiosulphate formation 

Bullock and Forbes (9) have established the formation of 
thiosulphate ion during the course of the reduction of sodium 
meta-nitrobenzenesulphonate with sodium disulphide in aqueous 
solution. Similarly Rashevskaya (33) has shown that thiosulphate 
ion is one of the oxidation products of sulphide ion in the reduc- 
tion of various substituted nitro compounds by sodium sulphide in 
aqueous solution. He found that the larger the ratio of sodium 


sulphide to nitro compounds, the lower was the proportion of 
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thiosulphate formed, compared to polysulphide. Thus in the re- 
duction of o-nitrophenol, where the initial ratio of sulphide 

to nitro compound was 0.75:1, practically all the sulphide was 
oxidized to thiosulphate after two hours at 160°, very little 
polysulphide remaining. However, if the initial ratio was about 
5s, after six hours at 50°C when over 99% of the nitro compound 
had been reduced, only about 5% of the original sulphide was con- 
verted to thiosulphate. The remainder of the sulphide oxidation 
was accounted for as polysulphide. 

In the procedure of both these groups of workers, a freshly 
prepared suspension of cadmium carbonate was used as the precipi- 
tant for sulphide and polysulphide ions. Although this was appar- 
ently satisfactory in aqueous medium, for the present work in 
aqueous ethanol it was found to be unsuitable. The presence of 
ethanol appeared to allow the cadmium carbonate to remain sus- 
pended (possibly in colloidal form) and prolonged centrifuging 
failed to bring about its precipitation. In addition, cadmium 
carbonate does not bring about the precipitation of hydroxyl ions 
generated during the reaction and indicated in the present work 
by an increase in pH of the reaction solution. It would appear 
to be necessary to remove hydroxyl ions before titrating for thio- 
sulphate with iodine, as iodine also reacts rapidly with hydroxyl 


ion (63) according to the equations: 
ita ae On es MOS Le 
310 —> 10, + ai 
That this reaction results in the instantaneous decolourization 


of iodine was qualitatively demonstrated during the course of the 
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present work. Apparently Rashevskaya and Bullock and Forbes did 
not take this into consideration. The latter workers were cer- 
tainly aware that hydroxyl ions were present after precipitation 
of polysulphide with cadmium carbonate. They state that: "If a 
test of an early stage of the oxidation which has been treated 
with cadmium carbonate to remove sulphide ions is titrated with 
standard acid, it is found that there is a large increase in the 
hydroxyl-ion concentration. . ." Thus the iodine titer actually 
represented the sum of the thiosulphate and hydroxyl ion concen- 
trationse In other words, the "apparent" thiosulphate ion con- 
centration was too high (64). 

In the present work it was found that using cadmium sulphate 
or nitrate, complete precipitation of sulphide, polysulphide and 
hydroxyl ions could be obtained even in ethanolic solution. Un- 
fortunately, when this was carried out in the presence of thio- 
sulphate ion, considerable co-precipitation of thiosulphate took 
place along with the cadmium sulphide. Test mixtures of thiosul- 
phate, sulphide and hydroxyl ions in known concentrations were 
treated with cadmium sulphate solution. Iodine titrations on 
the filtrate indicated that as much as 50% of the thiosulphate 
ion was co-precipitated. The precipitate was washed successively 
with cold, hot and boiling water in an attempt to leach out the 
thiosulphate. This proved to be only partially successful and 
accounted for about another 25% of the thiosulphate ion. 

Despite the foregoing considerations, it was decided to use 
cadmium sulphate as the precipitating agent for sulphide and 
polysulphide ions, on test portions of a typical reaction mixture. 


Such a mixture was 0.160 M in sodium sulphide and 0.015 M in 


i. 
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-4l- 
nitrobenzene. Sufficient sulphur was dissolved in this to convert 


about five per cent of the sodium sulphide to polysulphide in 
order to eliminate the induction period. After 150 minutes at 
50°C an aliquot of the reaction mixture was treated with cadmium 
sulphate and the filtrate titrated with standard iodine solution. 
A thiosulphate concentration of about 0.002 M was indicated. When 
the same procedure was carried out after only 10 minutes of reac- 
tion, the increase in thiosulphate ion concentration was apparent- 
ly cae 0.0002 M. Thus a definite increase in thiosulphate ion 
could be observed, despite the loss in thiosulphate ion due to co- 
precipitation which was presumably taking place. However, it is 
evident that this procedure was unsatisfactory for exact determin- 
ations of thiosulphate ion concentrations during the course of a 
reduction. It did serve nevertheless to qualitatively demonstrate 
the formation of thiosulphate in these reductions. 

In order to illustrate this further, it was decided to use 
cadmium carbonate as a precipitant and to subsequently remove the 
ethanol by distillation. The procedure employed is described in 
detail in the Experimental section. Titration of the final fil- 
trate with standard iodine indicated a thiosulphate ion concen- 
tration of 0.004 M. This procedure would be quite inconvenient 
for repeated thiosulphate determinations and, as previously poin- 
ted out, does not take into account the failure of cadmium carbon- 
ate to precipitate hydroxyl ions. However, it did serve to dem- 
onstrate the formation in these reductions of some species which 
reduced iodine, but which was not precipitated by cadmium ion. 
This species was presumably thiosulphate. Although thiosulphate 
formation has been demonstrated in aqueous solution for the sod- 


ium sulphide reduction of 
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various substituted nitrobenzenes by Rashevskaya, it does not 
appear to have been done for nitrobenzene itself in aqueous eth- 
anolic solution. The final concentration of 0.004 M thiosul- 
phate ion found in this work relative to the initial concentra- 
tion of sulphide ion used, is of the same order as that found 
by Rashevskaya under similar conditions in aqueous solutions. 


Cc. Air oxidation of polysulphide solutions 


As pointed out above, the polysulphide solutions encountered 
in this work are highly susceptible to air oxidation (65). At 
low dissolved sulphur concentrations, even the air dissolved in 
the solvent is responsible for a significant proportion of this 
oxidation. For example, 100 ml of 0.160 M sodium sulphide in 
the aqueous ethanol was prepared in which sufficient sulphur had 
been dissolved to make the solution 0.0016 M in sodium disulphide. 
On standing overnight in a tightly stoppered 100 ml Erlenmeyer 
flask at O°G:; the yellow colour of the solution was found to be 
completely discharged. 

It was qualitatively established that the result of this air 
oxidation of polysulphide was thiosulphate ion. Air was bubbled 
through a 0.160 M solution of sodium sulphide in which sulphur 
had been dissolved to make the solution 0.0160 M in sodium disul- 
phide. After about two hours the yellow colour of the solution 
was discharged. Excess cadmium sulphate was then added to preci- 
pitate sulphide ion, and the solution filtered. Acidification 
of a test portion of the resultant colourless filtrate produced 
a heavy white sulphur precipitate, after a few seconds delay, 
characteristic of thiosulphate. This was accompanied by the odour 


of sulphur dioxide. Other test portions of the solutions discharged 
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the colour of iodine and turned an acidified potassium dichromate 
solution green. No precipitate was observed on treating a test 
portion of the solution with cadmium or mercuric ion, eliminat- 
ing the possibility of sulphide ion remaining in solution. The 
original sodium sulphide solution, after treatment with excess 
cadmium sulphate, removal of the precipitate by filtration and 
acidification of the filtrate, gave only a slight opalescence. 
This indicated that only a trace of thiosulphate was present in 
the original sulphide solution (see also Experimental section). 
Once precautions had been taken to eliminate all possibility 
of air oxidation, it was found that the absorbances of polysul- 


phide solutions remained constant over extended periods of time. 
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SECTION 2. 
RESULTS AND DISCUSSIONS 


Paiet le 
An Exploratory Study of the Kinetics and Mechanism of the Reduction 
of Nitrobenzene by Sodium Sulphide in Agueous Ethano] 
A. Method of rate determination 


The method devised for following the disappearance of nitro- 
benzene takes advantage of nitrobenzene's strong absorbance in 
the ultra-violet with a maximum at 265 MU o It was first esta- 
blished that the absorption of nitrobenzene in aqueous ethanol 
at 265 my obeyed Beer's law over the concentration ranges studied 
(see Experimental section Fig.18, plot I ). The procedure des- 
cribed in the experimental section involves measuring the absor- 
bance of a suitably diluted and acidified aliquot sample of the 
reaction mixture. It was necessary, therefore, to ascertain what 
species were present in the reaction mixture and, if necessary, 
to make allowance for any interfering absorbances due to species 
other than nitrobenzene present. 

As seen from the results reported above in Section 2gebart If, 
the only organic species present in significant concentration at 
any given time are nitrobenzene and aniline. Although aniline 
does absorb at 265 mu its hydrochloride absorbs negligibly at 
this wavelengths; hence the solvent used in diluting the aliquot 
portions of the reaction mixture contained sufficient hydrochloric 
acid to ensure aniline hydrochloride formation. 


Sodium sulphide absorbs at 265 mu after acidification, but 
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only to a small extent. This is presumably due to the hydrogen 
sulphide, as sodium chloride solutions of comparable strength 
have a negligible absorbance. Fortunately the concentration of 
the interfering species remained farly constant during the re- 
duction, and, thus, a constant value of 0.015 was subtracted 
from all absorbance measurements to allow for this. On the other 
hand, acidified polysulphide absorbs quite strongly in the ultra- 
violet (20); and, as its concentration was continually changing, 
it was important that suitable allowance be made for its inter- 
ference at 265 mAL 

Ogata et al. used a similar spectrophotometric method for 

following the reduction of nitrobenzene by sodium disulphide (10). 
Allowance was made for interfering species by taking the differ- 
ence of the absorbances at 270 my (a maximum) and 245 mp (a mini- 
mum) as a measure of nitrobenzene concentration. This commonly 
used procedure implicitly assumes that the absorbance of inter- 
fering species is the same at both wavelengths. However, the 
present study has shown that the absorbances of polysulphide 
solutions after dilution and acidification are appreciably dif- 
ferent at 265 my and 240 mu . This is illustrated in the follow- 


ing table for different concentrations of sodium disulphide: 


Absorption at 265 mu Absorption at 240 mu 
0.098 0.125 
0.213 0.260 
O66 1: 0.412 
0.510 0.580 


It was assumed accordingly that the interfering absorbance 
at 265 mu was due to dissolved sulphur. However, it was found 


possible to relate absorbance measurements of disulphide solutions 
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in the visible (450 mu ) with those at 265 mu after dilution and 

acidification (see Experimental). Thus it was possible to deter- 

mine the interference due to disulphide, at 265 my in each case. 

B. The effect of added sulphur on rate of reducti itro- 
benzene by sodium sulphide in aqueous ethanol] 


On the assumption that a 10-fold excess of sodium sulphide 
over nitrobenzene would give a pseudo first order reaction, data 
for the disappearance of nitrobenzene with time were obtained for 
the reaction of 0.0150 M nitrobenzene with 0.160 M sodium sulphide 
in aqueous ethanol (approximately 61:39 water: alcohol, by weight) 
at 50°C, carefully protected by an atmosphere of nitrogen. The 
data is shown conveniently in Fig. 2, plot I. The existence of 
an induction period and an autocatalytic reaction is clearly shown 
here and is in agreement with the previously mentioned work of 
Bullock and Forbes (9) on sulphide reduction of nitro compounds 
in aqueous solution. They discovered that, of the reaction pro- 
ducts, only polysulphide was responsible for the autocatalytic 
reaction. This has been supported in the present study by the 
observation that replacement of some of the sodium sulphide by 
disulphide shortened or practically eliminated the induction time 
(Fig 2, plots II-IV). When 2% of the sodium sulphide was present 
as disulphide, the induction period was reduced to about 25 min- 
utes, while a molarity of added elemental sulphur greater than 
0.0075 (4.7%) gave a reaction practically devoid of an induction 
period. 

Corroboration that the reactive species is, in fact, an in- 
creasing quantity of polysulphide was found by simultaneously 


following the change in polysulphide concentration during the 
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Big. 2. The change in absorbance of nitrobenzene at 265 mu with 
time during the reduction at 50°C of 0.015 M nitrobenzene by 


aqueous ethanolic sodium sulphide (details overleaf). 
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SINGS 

course of the reduction. Polysulphide absorbs quite strongly 
over a broad region but is quite measurable at 450 mu « In a 
plot of concentration of sulphur as polysulphide in 0.160 M 
sodium sulphide in aqueous ethanol versus absorption at 450 m 
at 25°C and 50°C, it was found that Beer's law held remarkably 
well even up to a molarity of 0.08 for elemental sulphur (see 
Experimental section Fig.19.). 

From Fig. 3, plotl , it is seen that in the reaction be- 
tween sodium sulphide and nitrobenzene, the disulphide concen- 
tration increased to a maximum at about 175 minutes of reaction, 
slowly decreasing thereafter. This value became constant when 
the reduction had been completed, a fact not shown in the plot 
but actually determined in two separate cases. When sulphur was 
added initially, not only was the rate of increase of disulphide 
greater with larger initial concentration of disulphide, but so 
was the rate of loss of disulphide. 

C. The Effect of Addition of Base on the Reduction of 
Nitrobenzene by Sodium Sulphide 


The addition of sodium hydroxide increased the rate of re- 
duction of nitrobenzene by sulphide as shown in Fig. 4. Firstly, 
. the effect of adding a one molar equivalent of sodium hydroxide 
to the sodium sulphide solution was studied. The results appear 
in Fig. 4, plot II. Subsequent addition of base increased the 
rate further, but not in proportion to the amount of base added, 
(Fig. 4, plots III and IV). Eventually a state was reached (1.600 M 
sodium hydroxide) where further addition of base actually caused 
a decrease in rate compared with that observed at the next lower 


base concentration of 0.800 M sodium hydroxide. This is illustrated 
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Fig.3. The change in absorbance at 450my with time during 


the reduction of 0.0150 M nitrobenzene in aqueous ethanolic 
sodium sulphide. I to IV have a Nas concentration of 0.160 M, 
im addition Pi, Ill and IV are ©.0075 M, 0.015 M and 0.040 M 


respectively in dissolved sulphur. 
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Fig. 4. Absorbance at 265 mp vs. time during the reduction of 
0.015 M nitrobenzene in aqueous ethanol at 50°C by 0.160 M NanSe 
imcontains no addedy NaH, ard iil, Lil, IV and V are 0.16 M, 
0.352 M, 0.80 M and 1.60 M in NaOH respectively. 
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by plets IV and V in Fig. 4. 

The increased rate was no doubt due to the conversion of 
the relatively unreactive HS, to the much more reactive species, 
S5 e A large concentration of base would convert essentially 
all the polysulphide to the unhydrolyzed state and result in a 
maximum rate of reduction. However, the increased concentration 
of base caused greater reaction between hydroxyl ion and the 
"active sulphur" (9), hence less disulphide was formed, thus 
leading to a lower acceleration of rate. With sufficiently high 
concentration of base it is expected that most if not all of the 
active sulphur would be lost as thiosulphate, and no autocatlysis 
would be observed. This could not be tested in this work since 
a concentration of base significantly greater than 4 M resulted 
in a salting-out of the ethanol. 

The changes in "polysulphide concentration" accompanying 
the reductions in each of these cases are shown in Fig. 5. The 
absorption shown in Fig. 5 must be a composite of increased poly- 
sulphide concentration as a result of reduction, and a larger 
ratio of disulphide to hydrodisulphide ion, the magnitude of 
which depends upon the hydroxyl ion concentration. Hence, cal- 
culation of the polysulphide sulphur from these absorption mea- 
surements, using the calibration data from the Beer's law plot 
would give erroneous results. With the aid of Fig. 1, the ab- 
sorbances at various base concentrations have been converted 
to those where no base was added, and thus it was possible to 
show the real increase of polysulphide sulphur which occurred 
during these reductions in basified solutions. Fig. 6 shows 


clearly the diminishing increase of polysulphide sulphur as the 
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Fig. 5. The absorbance at 450 mp vs. time during the reduction 
of 0.015 M nitrobenzene in aqueous ethanol at 50°C by 0.160 M 
Na,S. I contains no added NaOH, and II, III, IV, and V (A) 

are 0.16 M, 0.32 M, 0.80 M and 1.60 M in NaOH respectively. 
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150 


MINUTES 
Fig. 6. The corresponding absorbances at 450 mu from Fig. 5 
corrected for the effect of increased OH ion concentration on 


the absorbance at 450 mu. (here © represents 1.60 M NaOH) 
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initial concentration of base is increased and thus, the greater 
extent of loss of sulphur by reaction with base. 

Figure 1 was obtained by the progressive basification of a 
sodium sulphide solution containing one specific concentration 
of polysulphide, and gave a figure of 1.80 for the ratio of ab- 
sorbance of basified (4M) solution to that of the unbasified sol- 
ution. The same figure of 1.80 was obtained when a number of 
solutions were prepared, differing only in concentration of poly- 


sulphide, and made 4 M in sodium hydroxide. 


Absorbance at 450 m Ratio 


unbasified basified 
Opeliay 0.206 1.81 
0.165 0.286 1.80 
O37 5 0.675 1 S2 
0.540 : 0.968 1.79 
0.735 eos 1.79 


Hence the use of Fig. 1, and.the ratios implied therein, for the 
conversion of absorbances of the basified polysulphide solutions 
shown in Fig. 6 is justified. 

The foregoing considerations raise the question as to whether 
the increase in pH, which takes place during reduction, is par- 


tially responsible for the observed increase in absorbance at 


450 mi ° 


During a reduction of 0.0150 M nitrobenzene, hydroxyl ions 


are generated according to equation b and e: 
CgH NO, + 38 + 4H,0 ——> CgH,NHst 3S + 60H (b) 
CoH,NOs+ 3S,+ 4H,0 —— CoH NH +68 + 60H (e) 


At half life, based on nitrobenzene concentration, the concentration 
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of hydroxyl ions generated should be 0.045 M. Actually, it will 


be less than this because of the intercedence of the reaction de- 


noted by equation ao 


SHE GOH @22%5 8,0, + ag Obl. 3H,0 (a) 


3 
Referring to Fig. 1 this represents an increase in absorbance of 
less than 0.020, which corresponds to maximum error of less than 
2%. Hence the increase in pH observed during the reduction can 
be considered as having a negligible effect on the absorbance at 
450 mu ‘ 

D. The Induction Period 


The initially slow reaction between sodium sulphide and 
nitrobenzene (Fig. 2, plot 1) might be attributed to one, or 
a combination, of the species present as a result of hydrolysis 
of sodium sulphide. These are principally the sulphide and hy- 
drosulphide ions, with possibly small concentrations of disul- 
phide and hydrodisulphide ions as contaminants. It was originally 
thought that the slow reaction was due largely, if not completely, 
to the small concentration of contaminating disulphide ion. Sup- 
port for this view was obtained by the observation that this ini- 
tial rate was found occasionally to be considerably greater (twice 


or three times) than that usually observed, depending upon the 
2) 
sulphide. This increase in the initial rate could hardly be 


source (and hence extent of contamination by S of the sodium 
attributed to a significant change in the monosulphide ion con- 
centration due to hydrolysis, since the concentration of 0.160 M 
in sodium sulphide was adhered to as closely as possible. The 


species which could change sufficiently in concentration to effect 
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this two or three-fold increase in initial rate was more reason- 
ably the contaminating, much more reactive, disulphide ions. 
However because of the reasons indicated below, it is probable 
that the initial slow reduction is at least to a large extent 
due to sulphide and hydrosulphide ions. It would be expected 
that of these two ions (Sg and SH ) the protonated sulphide ion 
should release electrons less readily than the unprotonated sul- 
phide ion, in view of the larger, more diffuse, electron cloud 
of the latter. In other words the sulphide ion should be the 
stronger reducing agent of the two. 

A preliminary study of the sodium hydrosulphide reduction 
of nitrobenzene indicated that the initial rate of reduction was 
slower than that in the sodium sulphide reduction, (see next 
section Fig.7 plot). The sodium hydrosulphide was prepared 
in this instance by adding the requisite amount of hydrochloric 
acid to sodium sulphide. No attempt was made to allow for the 
interfering absorbance, due to the small amount of polysulphide 
formed during the course of the first 200 minutes of the reduc- 
tion. However, the initial rates indicate that sulphide reduces 
two to three times faster than hydrosulphide. Allowing that in 
solution, the sulphide is approximately 40% hydrolyzed to the 
hydrosulphide, the sulphide ion apparently reduces in the order 
of five times more quickly than the hydrosulphide ion. Although 
the reducing ability of the hydrosulphide ion is lower than that 
of sulphide, it is sufficiently high to make a significant con- 
tribution to the overall initial rate. 

The extremely slow reduction by the sulphide ion might be 


due to the fact that it is much more strongly hydrated than is 
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the hydrosulphide ion (14). The displacement of the water to 
allow association of the sulphide ion with the nitro group for 
the subsequent electron transfer occurs with difficulty. In 
contrast, disulphide and polysulphide ions reduce nitrobenzene 
much more rapidly, no doubt due in part to the lower degree of 


hydration of these ions (17). Furthermore, it is not unreason- 


oo o— 


able .to assume that the conversion :S..: S:32e+ 8; *S is more 


oe ee 
e 


facile than is the analogous change of fees ety S: on the basis 


that the combination of the two sulphur atoms yields a more stable 
product. 


E. The Autocatalytic Reaction 


The effective reducing species has been shown to be the di- 
sulphide ion. Since this is present in a concentration less than 
or comparable to that of the nitrobenzene, although increasing 
as the reaction progresses, it is obvious that a pseudo first 
order reaction cannot be obtained. The data shown in Fig. 2 
indicates that the reduction is autocatalytic in nature. 

If the relatively small contribution of the monosulphide 
and hydrosulphide to the rate can be ignored, it might be pos- 
sible to apply the general equation for autocatalytic reactions 
to the disulphide reduction of the nitrobenzene (66). Although 
the concentration of nitrobenzene can be accurately determined 
at any time by absorption measurements, the problem of determin- 
ing disulphide concentration is a much more complex one. The 
concentration of disulphide ion during the course of the reduc- 
tion is governed by several factors. Firstly, it is generated 
as a result of the interaction of sulphide ion and sulphur 


(equation ¢ , page 14) the latter arising from the reduction 
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processes represented by equations b, j and ¢ (pages 13,22 and 58 
respectively). Disulphide ion is therefore removed from the 
system indirectly only via the reaction of sulphur with hydroxyl 
ions, as indicated in equation a (page 13). In addition, at any 
time the concentration of disulphide ion will be dependent on 
the pH of the solution; and, as might be anticipated from the 
equations representing the reduction process (b, j and e ), the 
pH increases during the reduction. Ina typical reduction, the 
pH, which was-initially 12.60, rose to a maximum of 12.95 after 
45 minutes of reaction. After 130 minutes, well beyond one-half 
life, a pH of 12.50 was observed. All pH poamemonenns in this 
example were made at 50°C. 
Under these circumstances, a fairly accurate value for the 
hydrolysis constant of the disulphide ion is required in order 
to ascertain the concentration of disulphide ion. The lack of 
any useful literature value, particularly for 50°C and for aqueous 
ethanol, led to the unsuccessful attempt described herein to evolve 
a spectrophotometric method for determining the extent of hydroly- 
sis of disulphide ion under the conditions of this reduction(p. 30) 
According to Fig. 1 showing the relationship between absor- 
bance and hydroxyl ion concentration, it is very probable that 
the pH changes occurring during the reduction and recorded above, 


involve only small changes in the hydrolysis equilibrium. 


F. Summary of the course of reduction of nitrobenzene by sodium 
sulphide in aqueous ethanol 


Any explanation of the course of this reduction must take 
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into aeseune all the observations previously mentioned and now 
summarized below for convenience. Thus, the account must take 
into consideration: 

1. The extent of hydrolysis of sodium sulphide in 
aqueous ethanol (iee. about 40%). 

20 The induction period, which was practically elimin- 
ated by conversion of about 5% of the sulphide present to disul- 
phide. 

3. That in all cases the polysulphide concentration 
increased to a maximum and then declined to some constant value. 

4. The autocatalytic nature of the reaction as observed 
in the plot of nitrobenzene absorbance vs. time (Fig. 2) 

5. The formation of thiosulphate ion. 

6. The increase to a maximum and subsequent decrease 


of the pH during the reduction. 


The information obtained from the foregoing experiments and dis- 
cussion has thus led to the following account of a possible course 
of reduction of nitrobenzene by sodium sulphide. 

At the beginning of the reaction the only reducing species 
present are sulphide and hydrosulphide ions in approximately 
equal concentration. Hydrosulphide ion reduces the nitrobenzene 
very slowly according to equation j to give anaiyrigae 

CeH_NO,+ 3HS + #0 oe g 


6fisNHot 38 + 30H (3) 
1. However as will be shown in the next part of this section, in 
the ahsence of a stronger reducing agent such as sulphide and 
polysulphide, this stage of the reaction initially goes only as 
far as N-phenylhydroxylamine formation, the final stage of reduc- 
tion to aniline taking place much more slowly. 
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In a similar manner sulphide ion also reduces the nitro- 
benzene but about five times faster than does the hydrosulphide 


ion. 
acd = s 
6 ses 35 + aoe — CH LNH,+ 3S + 60H (b) 


The sulphur formed from reactions b and j reacts very quickly 
(no precipitation of sulphur ever occurs under the conditions 
of these reductions) with either sulphide to give polysulphide 
ion (equation ¢ ). 


@ a ga S, (c) 


or with hydroxyl ion to give thiosulphate according to equation 
a 


Sete GOHe ——>.Ga 


20, +. 28 + 3H,0 (a) 


Ww tl 


The polysulphide produced via equation ¢ is responsible for 
the increase in absorbance at 450mu and reduces the nitro com- 
pound much more quickly than do either sulphide or hydrosulphide 
ions. 

CH .NO, + 38° + 4H O —> CoH NH, + 68 + 60H (e) 
The sulphur formed from reaction e also reacts via equations ¢ 
and a to give more polysulphide and thiosulphate ion. The form- 
ation of polysulphide and its superior reducing ability accounts 
for the autocatalytic nature of this reaction and the exponential 
increase in polysulphide concentration. 

If there were no competition from hydroxyl ions for the sul- 
phur initially formed, the polysulphide concentration would be 
expected to increase rapidly, and asymtotically reach a maximum 


value. However the competitive reaction with hydroxyl ions is 
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quite significant and becomes more important as the sulphide and 
hydrosulphide ion concentrations decrease. 

The hydroxyl ion concentration increasing via the reactions 
indicated by equations bh, e and j, eventually reaches the stage 
where it competitively removes the sulphur as fast as it is gen- 
erated by reaction e. This point corresponds to the maximum ab- 
sorbance at 450 mp (due to polysulphide) reached in all these re- 
ductions. Subsequently the reaction of sulphur with hydroxyl ions 
is the predominating one and there is a decline in polysulphide 
concentration, accompanied by a decrease in hydroxyl ion concen- 
tration. However, polysulphide does not disappear due to direct 
reaction of the polysulphide with base, but is removed only by 
reaction of base with the "active sulphur", produced during the 
course of reduction. Thus when the reduction process is prac- 
tically complete, the formation of thiosulphate ceases and the 
polysulphide concentration remains constant. This was demonstra- 
ted in at least two instances where absorbance measurements were 
made at 4 50my over a 24 hour period and no change in absorbance 
observed. 

Although the polysulphide formed in these reductions has 
been indicated as being unprotonated, it is likely that to some 
extent it is hydrolyzed. However, the degree of hydrolysis should 
be lower than for sulphide ion. The resulting hydropolysulphide, 
according to the results obtained in the next part of this sec- 
tion, reduces nitrobenzene only slightly faster than does hydro- 
sulphide ion and about as fast as does the sulphide ion. Thus a 
total of four different reducing species contribute to the over- 
all rate of reduction, but with the disulphide (polysulphide) ion 


making by far the greatest contribution. 
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SECTION 2 


RESULTS AND DISCUSSIONS 


Jelrery IB\i/ 


it P uct £ R Clon et. Nate Sodium Hydro= 
sulphide in Aqueous Solution 


A. The reaction conditions 

It was found in a preliminary study of the reduction of 
nitrobenzene by sodium hydrosulphide in aqueous ethanol (see 
part V of this section) that the rate of the reduction was too 
slow to study conveniently in any detail. Thus it was decided 
to study the reduction in aqueous solution where the reaction 
took place much more quickly. Ogata et al (10) had also ob- 
served that with sodium disulphide reductions of nitrobenzene 
the rate of reaction increased with increasing content of water 
in the solvent. However the use of water as a solvent limited 
the nitrobenzene concentrations used in this work to 0.015 Mor 
less. 

Normally reductions by hydrosulphide ion involve an increase 
in pH due to the formation of hydroxyl ions according to equation 
k. 


CPHMIOIES. 2HS.E HO 6 A NHOR | 2S + 20H” (k) 
Gi 5am 2 2 65 


a in which elemental sulphur 


This in turn gives rise to reaction 
is considered to be lost by conversion to sulphide and thiosul- 
phate ions. 
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In his review of methods of reduction of nitro compounds Schroter 
(13) suggests that in the case of ammonium hydrosulphide reduc- 
tion, thiosulphate formation occurs directly as result of the 


two reactions ] and m. 


re 6 ee — a 2 eyes HO (ah) 
RNO + (NH )S + HO-—>RNH + (NH ) SO (m) 
2 4 2 2 2 hk Bee 3 

However it is likely that the thiosulphate arises indirectly 
through a reaction such as a (9). If that is so then by keeping 
the hydroxyl ion concentration low relative to the hydrosulphide 
ion concentration, it should be possible to minimize or eliminate 
the formation of thiosulphate ion thus retaining the elemental 
sulphur either as on or as HS as has been done by Bullock and 
Forbes (9) for sulphide and disulphide “reductions of nitro com- 
pounds. To this end, the sodium hydrosulphide solution used in 
this work was prepared by adding slightly more than a molar equi- 
valent of ammonium chloride to an aqueous sodium sulphide solu- 
tion (see Experimental section). Although the pH of the reaction 
solution increased only slightly (9.0 to a maximum of 9.4, at 
50°C) during the course of the reaction, the attempt to eliminate 
thiosulphate by this method was unsuccessful. 


The procedures and experimental conditions adopted are re- 


corded in detail in the Experimental section. 


The results reported in Part II_A of this section definitely 
established that the only organic reduction product of nitro- 


benzene by sodium sulphide or sodium disulphide was aniline. 


Te tando®: abmiragmos ome te ae nip hoe 
~ourbor obtdaLowor bed etaoaat | ‘be | vio a 


sit. To thveer 26 qlomenat 


saat Bae nose 
5: € i Se - me ss Fie 
at) oy, a a + m0, # “ mer 
yisoorthat eserre essrlatuectsa ost daa Ox 
antqeion vd cond Om et edt qt! “tel a ae dows poateialtnicn 7 
SR daatutnc tien add’ ois avid wer wor! nottersibonds dot “eReanei sity oh 
etanhmife +o eaimkatm os aldtedog: od ‘flwods: a8 tof deisaéonted Aat ' 
Letuemels era grtmtadert eure’ dot ‘edenqtuactas belepstaristhine ee 
Bas seorewe vd enrab need ear 38) ae ae 15 ae ‘edd 
“moe ovtditen 6 aici haiti EA bets bidq tue 462°(e) 
ab boda Webi ds sotdateastbyd muy tbOE ‘ef Bae —_ a" i 
“hype ~slon & made etom ylditgtte antbba Yd bersdete 3 ‘26w nails 
“ttoe ebidqive mutica shosyps te of ebiroftis autoomms Yo “dilate | 
actdoee: ete "to Hy oad egiroctytA taskivee réddeatihdile dee) wots. —— 
Jo .A.8 Yo mutton 66d O58) googie ems femamebat pai 
ovantatle o:2 Si ail ode noone oot ‘10 eeives ki 
fi neeoouend eae bodiven etdy' yd 
“or O70 beoqods atoketbroo ienatanny bas wat i 


. 
ae 


Yletintieh notiosa abs’ ve a nie me 
sornin Lo TOnbaaetie : 


veriiings sew abl 


-68- 


Since Goldschmidt and Larsen (52) had obtained N-phenylhydroxyl- 
amine as the principal product of the reduction of nitrobenzene 
by sodium hydrosulphide in water at b5 C, it was necessary to 
determine the products of the present reduction conditions. The 
analysis of aliquots of the reduction mixtures for organic pro- 
ducts by vapor phase chromatography (see experimental) and also 
by using infrared absorption at 3580 em + and 3700 ena to detect 
the presence of phenylhydroxylamine, is summarized in Table 7. 
As phenylhydroxylamine was definitely shown to accumulate during 
the course of the reaction, it was necessary to examine the re- 
duction of N-phenylhydroxylamine by hydrosulphide and hydrodi- 
sulphide ions. This was carried out employing exactly the same 
reaction conditions as for the nitrobenzene reductions, except 
that initial concentrations of 0.010 M phenylhydroxylamine were 
used. The results of these reductions are also included in 


Table 7. 
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The results (Table 7) show clearly that hydrosulphide re- 
duced phenylhydroxylamine extremely slowly, requiring 48 hours 
for near-completion of the reaction. No reduction apparently 
occurred for the first 90 minutes. On the other hand hydrosul- 
phide with 8% of the hydrosulphide as hydrodisulphide reduced 
phenylhydroxylamine to the amine essentially completely in 1200 
minutes. In both cases no hydrodisulphide accumulated. Instead 
the hydrodisulphide originally present was converted to a colour- 
less species, most likely thiosulphate, since thiosulphate was 
found to increase during the reduction (see Part IVC). 

At the beginning of the reaction between nitrobenzene and 
hydrosulphide, oniy the hydroxylamine was produced. Further re- 
duction of the phenylhydroxylamine to aniline proceeded much more 
Slowly than did its formation from nitrobenzene, hence phenylhy- 
droxylamine accumulated during the first portion of the reaction. 
As the reduction of nitrobenzene progressed, hydrodisulphide also 
accumulated. The hydrodisulphide thus formed reduced phenylhy- 
droxylamine more readily than it reduced nitrobenzene (see Part V 
of this section). Thus towards the end of the reduction of nitro- 


benzene by sodium hydrosulphide, the phenylhydroxylamine disappeared, 


leaving only aniline and some nitrobenzene yet to be reduced. 


Cio Bind hat rmati during the reduction of nitrobenzene 


Thiosulphate determinations were carried out on the reaction 
solutions by precipitating sulphide and polysulphide with cadmium 
carbonate and titrating the filtrate with standard iodine solu- 
tion. The procedure is described at length in the Experimental 


section. It was also possible from absorption measurements at 
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450 mp to estimate the concentration of hydrodisulphide at any 
time during the course of the reaction. The Beer's law plot 
obtained in Fig. 20 was used to relate absorbance at 450 mu to 
molarity of hydropolysulphide present, giving an extinction co- 
efficient of 35.0 at 50.0°C for hydrodisulphide ion. 

Analysis of a reaction solution, initially 0.010 M in 
nitrobenzene and 0.150 M in hydrosulphide ion, after 60 minutes 
revealed a 0.0005 M irerease in thiosulphate ion concentration. 
After 18 hours when the reaction had practically ceased, the 
thiosulphate ion concentration had increased to 0.0067 M. A 
Similar analysis for the reduction of N-phenylhydroxylamine 
(0.010 M) by 0.150 M hydrosulphide containing 8% sulphur as hy- 
drodisulphide ion, indicated a net increase in thiosulphate ion 
concentration of 0.00457 M at reaction completion (1000 minutes). 
The corresponding change in hydrodisulphide ion concentration 
during the latter reduction is shown in Fig. 1h. | 
D. Stoichiometry of the overall reduction of nitrobenzene to 

ium hydr hi 


The quantitative analyses of the initial reaction mixture 
and of the mixture obtained at the end of the reduction gave the 


following results. 


Nitrobenzene S Ops HS. 

Save Treeccic 23 2 
Initial concentration 0.01 M 0.0035 M 0.0005 M 
Final concentration 0.00 M 0.0102 M 0.0035 M 


Overall change O201 M>)* 020067 IFO. 0030 
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Thus both Ue and He are produced during the reaction and are 


found at the end of the reduction in the concentration shown. 
Assuming that HS reduction of nitrobenzene to aniline yields 


only HS, one can write the following overall redox equation 
RNO, + 6HS + A Ola RNH, + 3HS) + =30H (n) 
2 


On the other hand, the formation of only $40," is satisfied by 


the overall redox equation* 


h RNO, + 6HS + sO ih RNH + 3 5,0, (0) 


Equation g@ can be obtained from the following sequence of 


reactions 
-_ Oo a e 
RNO,+ 3HS + no 2 ae + 3S° + 30H (j) 
Sons Hen 2 HS, (p) 
(@) = = i 
WS 3s OH ==> ee, Be Wp): (See H_,0 (a) 


given by Bullock and Forbes (9), by a suitable combination of 


equations j and a, while equation n can be obtained by the com- 
bination of j and p. The implication in this is that the reduc- 
tion of nitrobenzene with consequent production of elemental sul- 


phur and the formation of thiosulphate from this sulphur are two 


distinct steps in the reaction. The formation of a and 5,0, 


(@) — 
are then the result of competitive reactions of S with HS and 


OH . 


x 

A combination of the following half-reactions shown below will 
also give the redox equation @ and thus implies a direct formation 
of thiosulphate from the reduction of nitrobenzene by hydrosulphide. 


BNO, + 4H 0 a RNH,, SU tm GOHo a ewe 


Hse > SOHe — > 527 we oH 0 a ee 
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According to the results of the analyses, tabulated above, 


either the two reactions n and og occur simultaneously, though to 
different extents, or the individual reactions shown by equations 
i, RB and a occur and some of the elemental sulphur reacts with 
the HS” present rather than with OH . It is reasonable to think 
that elemental sulphur would react more readily with HS than 
with OH because of the formerts greater nucleophilicity (67) and 
hence yield a preponderance of HS, rather than 0," The reverse 
is apparently true (a possible explanation for this is given in 
the final summary of the reaction). In the case of Nas reduc- 
tion of nitrobenzene, the sulphide ion, because of its greater 
charge would compete with OH for S° even more effectively and 
hence a larger proportion of he produced would be diverted to s. 
formation rather than 5s production, as appeared to be the 
CaSeo 

Equation e shows that the production of one mole of HS re- 
quired 1/3 mole of nitrobenzené. Since in this reduction, 0.0030 M 
of HS, was produced, according to the preceding statement the 
amount of nitrobenzene consumed in this direction ' must have been 
0.0010 M. The remainder of the nitrobenzene (0.0090 M) then gave 
IOs only. The stoichiometry of equation 9g shows that 1 mole of 
nitrobenzene yields 3/4 mole of $0,» Accordingly, the 0.0090 M 
of nitrobenzene should yield 0.00675 M of the thiosulphate. The 
amount actually found (0.0067 ™) agrees with this very well and 
supports the formulations n and o and the concept of a competitive. - 


reaction such as indicated in equations p and a. 


E. Stoichiometry of the hydrodisulphide reduction of phenylhydroxy - 
amine 


Quantitative analysis of the initial and final reduction 
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mixtures yielded the following results. 


phenylhydroxyl spe ©) HS. 
i 


po amo oe ate 
Initial concentration 0.010 M 0.0035 M 0.0116 M 
Final concentration 0.00 M 0.0080 M 0.0041 M 
Overall change 0.01 M 0.0045 M 0.0075 M 


Reaction of either HS or HS, with phenylhydroxylamine 
apparently failed to produce HS, but instead consumed any Elo 
present. However the amount of oe increased considerably. 
The following overall redox equation agrees with these results 


but points out that one mole of phenylhydroxylamine yields 0.5 
mole,of SO. 
2 3 


2 RNHOH+ 2 HS. 


20H ==> 2RNH 4 6 6 -4 eho H.6 (q) 
2 263 2 


The formation of 0.0045 mole of $0,” from the reduction of 0.01 
mole of phenylhydroxylamine supports this formulation. The slight 
decrease from the amount expected theoretically can be attributed 
to the simultaneous though much slower reduction of the phenyl- 
hydroxylamine by the HS which is present in a concentration about 
10 times that of HS, Support for the view that HS” also parti- 
cipates in the reaction is obtained from the quantitative data 
indicated above. Since only 0.0075 mole of HS. was consumed, 
0.0025 mole of HS must also have reacted to complete the supply 


of electrons required for the reduction of 0.01 mole of the phenyl- 


hydroxylamine to aniline. This gave 0.0025 mole of S° which by 
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equation g must have lead to the production of ] (0.0025) or 
0.0006 mole of 8,0," The amount of $0," ee by these 

two paths then would be 1/2 x 0.00754 0.0006 = 0.0044 M. The 
amount of $0," actually found (0.0045 M) is in very close agree- 
ment with thise Thus the reduction of phenylhydroxylamine by 
hydrosulphide containing hydrodisulphide also consumes HS and 


thus produces a small amount of the hydrodisulphide. The reac- 


tion however shows an overall decrease in hydrodisulphide ion. 
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SECTION 2 


RESULTS AND DISCUSSIONS 


Partuv 
A Study of the Kinetics of the Reduction of Nitrobenzene by 
Hydr hi Ton in & S Bae 


As has already been indicated, a preliminary investigation 
of this reduction was carried out in aqueous ethanolic solution. 
It was not found possible to make allowance for interference due 
to sulphur and thus these results are considered primarily for 
their qualitative value. Moreover, as it subsequently became 
evident that N-phenylhydroxylamine was the principal reduction 
product for at least the first 200 minutes of the reaction, the 
failure to make allowance for its interference in absorbance 
measurements at 265my resulted in a further source of error in 
this work. 

Nevertheless, before considering the results obtained in 
aqueous solution, it is of some interest to examine briefly the 


preliminary work carried out in aqueous ethanolic solution. 


A. The reduction of nitrobenzene by hydrosulphide ion in aqueous 
ethanol 

In the preliminary examination of this reduction, the sodium 
hydrosulphide was prepared by adding an equivalent of constant 
boiling hydrochloric acid to 0.160 M sodium sulphide solution. 
The reaction was carried out in the 40% by weight ethanol-water 
mixture, used previously. It was not possible of course, to apply 
the same corrections for interfering absorbance at 265my that had 


been used for the sodium sulphide reduction, viz. Fig. 21. It was 
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yes 
decided, in order to get at least a qualitative estimate of the 
reducing ability of hydrosulphide ion, to make no allowance for 
this interference. The error involved in doing this was consi- 
dered to be small particularly at the beginning of the reduction. 
Moreover, as the reduction was much slower than the sulphide re- 
duction, the amount of polysulphide generated in a given time is 
correspondingly small. The change in absorbance at 450mp in the 
200 minute period examined was about 0.10. From a consideration 
of the relationships in Figs. 19, 20 and 21, this concentration 

of polysulphide could have accounted only for an interfering ab- 
sorbance of about 0.015 at 265mp. The results of a typical re- 
duction are given in Fig. 7 plot II. An initial rate of only 1/2 
to 1/3 of that found for the reduction with sodium sulphide was 
maslest eds The marked autocatalytic effect observed in the latter 
case apparently did not occur in hydrosulphide reduction of nitro- 
benzene. 

The addition of enough sulphur to convert about 10% of the 
sodium hydrosulphide to the hydrodisulphide gave no apparent in- 
crease (Fig. 7 plot III) in the initial rate of this slow reaction. 
No allowance was made for interfering polysulphide absorbance at 
265m in this case. It seems likely that if this could have been 
done, the hydrodisulphide reduction would have been shown to be 
a slightly faster one than the hydrosulphide reduction. The slow 
increase in rate shown in Fig. 7 plot II, was at first ascribed 
to a gradual shift in the equilibrium oe H,0 > HS + OH to the 
left due to the increase in hydroxyl ion concentration resulting 
from the slow reduction. The observation that pH rose from 10.0 


to 10.9 over a period of 630 minutes of reaction supports this 
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Fig. 7. Change in absorbance at 265 mp during the reduction of 
nitrobenzene by I, 0.150 M NaS and II, 0.150 M NaHS (details 
overleaf). @ Contains 10% dissolved sulphur. 
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TABLE 6 


Change in Absorbance at 265 mu During The Reduction 
of 0.0150 M Nitrobenzene by Sodium Hydro- 
sulphide’ (0.160 M) 


Solvent, 40% by weight ethanol in water 
Data plowed: am Rie. 7. 


No added sulphur 10% added sulphur 
Minutes Absorbance ** Minutes Absorbance ** 
0 Dera Sa a 0 a, ISG VC" 
Sy Deed Gyre 25 slp Ak OM 
64 1S O76 oho) 1.090 
84 P2045 60 17, 065 
110 1.025 85 1.018 
150 0.983 Ak5 1.004 
EST 02925 160 Slee lS) 
200 O925 


* Prepared by the addition of hydrochloric acid to sodium 
sulphide 

+* Blank cell contained the corresponding initial sodium 
(poly) sulphide solution, diluted and acidified. 


aa« Calculated from known initial nitrobenzene concentration. 
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point of view. Subsequent work has indicated that the protonated 
disulphide does reduce faster than hydrosulphide. Thus the slight 
increase in rate observed during hydrosulphide reduction was also 
partially due to the increasing concentration of hydrodisulphide. 
It was decided to study the hydrosulphide reduction of nitro- 


benzene in more detail and the results of this work follow. 


B. The reduction of nitrobenzene by hydrosulphide ion in aqueous 
solution. 
1. Au Salevia ature of dr lphide re ion nitrob 


In this work it was found that the reduction of nitrobenzene 
by hydrosulphide ion is also an autocatalytic process, but not to 
as marked an extent as for the analagous reduction by sulphide 
ion. This was shown by following the decrease of nitrobenzene 
(Fig. 8) or the increase in sulphur as hydrodisulphide (Figs.9 
and 11) during the reduction. In all cases an acceleration of 
rate is noted for the first portion of the reaction. In follow- 
ing the reduction by measurement of the absorption of nitroben- 
gene at 267m, allowance for the absorption at 267mu due to phenyl- 
hydroxylamine was found to be necessary. Ogatas’ technique (10) 
of acidification of the reduction mixture with hydrochloric acid 
and measurement of absorption of the residual nitrobenzene at 
267m was quite satisfactory for sulphide reductions of nitro- 
benzene since the hydrochloride of aniline, the only reduction 
product, gave negligible absorption at this wave length. However 
phenylhydroxylamine hydrochloride has an extinction coefficient 
at 267mp of 1.0 x 10° as compared with one of 7.4 x 10° for nitro- 
benzene. Since over the first 60 minutes of the hydrosulphide 


reduction of nitrobenzene, phenylhydroxylamine is essentially the 
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Fig. 8. Change in nitrobenzene concentration ( absorbance 
at 267 mu ) during its reduction with aqueous HS at 50°, 
Initial nitrobenzene and HS concentrations,0.0098 M and 


0.150 M respectively. 
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TABLE 8 


Decrease in Absorbance at 267 mp During the Reduction 


of 0.0098 M Nitrobenzene by Hydrosulphide Ion~ 


Data plotted in Fig. 8. 


Time Absorbance 
(Minutes) at 267 mu 
@) 0.360 
A 0.344 
30 (Oh5 28) 
40 Oe Ba08) 
5O 0.305 
60 O. 295 
70 0.286 
90 OQ, 262 
150 OZHESS 


¥ 
Initial concentration, 0.150 M. 
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Fig.9 . Absorbance at 450 mi of hydrodisulphide ion produced 

during the reduction of nitrobenzene by aqueous sodium hydro- 

sulphide at 50°C. The initial concentration of nitrobenzene 

for all cases was 0.0094 M. Initial concentration of sodium 

hydrosulphide for runs I, II, III and IV was ©Q0.150 M; 0.200 M, 
0.250 M and © ©.300 M respectively. 
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TABLE 9 


The Effect of Varying Initial Hydrosulphide Ion Concen- 


tration on the Rate of Increase of Absorbance 


Data plotted in Fig. 


©4150 
ieee ae 
4 0.003 
7 0.006 
12 0.011 
14 @.0135 
19 0.018 
22 0.023 
28 Cmegyal 
34 0.041 
Shy) 0.045 
42 0.054 
45 O2057 
49 0.066 
52 0.071 
5 0.076 
Ds) 0.083 
66 0.095 
69 0.100 
We 0.105 
75 0.109 
80 Only 
85 0.127 
89 0. 132 


Ne 
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only product, and the amount of hydrodisulphide produced is still 

small, simultaneous loss of phenylhydroxylamine by reduction due 

to hydrodisulphide wuld thus be very small. Hence for this first 

portion of the reduction it is true that one molecule of phenyl- 

hydroxylamine is produced as one molecule of nitrobenzene disappears. 

Setting the drop in absorbance at 267m due to disappearance of 

nitrobenzene equal to x and the corresponding increase in absor- 

bance due to phenylhydroxylamine as (1.0 x 10° T Teale 10?) Xy 

the true decrease in absorption of nitrobenzene becomes x = 1.15X 
decrease im 


Be where anne is the observed,absorption at 267my. This factor 


has been used to obtain the corrected intial slopes in the plot 


A 


of nitrobenzene absorption vs time in both Figs. 8 and 12. 


2- Dependence of the rate of nitrobenzene reduction on nitrobenzene 
and _ on hydrosulphide ion concentration. 


Initial rates of appearance of hydrodisulphide, measured in 
terms of absorbance at 450my were obtained from Fig. 9 for various 
initial concentrations of hydrosulphide ion. A plot of these 
initial rates against initial hydrosulphide ion concentration 
(Fig 10) clearly demonstrates a first order dependence of rate 
upon hydrosulphide ion concentration. It is interesting to note 
that this plot (Fig. 10) does not pass through the origin but 
intercepts the x (rate) axis at a negative value indicating tmt 
the rate expression is of the form 

d(HS,)/at = x(HS") (CgH,NO,) - ©. 
Here C is due to a constant contribution from the competitive 
reaction of hydroxyl ions with sulphur liberated initially. From 


the slope of this plot a value of the rate constant can be obtained. 
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Fig.l10. Plot of initial rates of reduction of nitrobenzene by 
hydrosulphide ion (obtained from Fig.9 ) vs initial hydrosul- 
phide ion concentration (from Fig.9 ), demonstrating first 
order dependence of reaction rate on hydrosulphide ion con- 


centration. 
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TABLE 10 


ihiewiincece OL Chanze ima inated: Hydrosulphide Ion 


Conicentration on the Initial Rates of 


Reduction of Nitrobenzene by 
Hydrosulphide lon 


Data plotted in Fig. 10. 


3 
Hydrosulphide Molarity Rate” X10 
O. 1 O O--90 
0.200 ig Bat 
Os Zao 1.74 
0.300 ac JUS} 


* Rates, in terms of change in absorbance per minute, 


obtained from Fig. 9. 
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Fig. ll. The change in absorbance at 450 mu due to HS 5 


formation during the reduction of nitrobenzene by 0.150 


M aqueous HS solutions at 50.0 ¢. Initial nitrobenzene 
concentrations are 0.00680 M, 0.00790 M and 0.0131 M for 


plots ~T, Tl, and Ifill respectively. 


a eee a bes cron ooh ae - = / a | 
. oor a 02 < 
| ox TUKIM eal he, 


oH ot exh ym O24 te sored oads at eynato 0 is . EL 
ot 2l.O yd onennedoutia to sobtvoubes: ode _ ub aolds in 
7 snosnodontia fetthal .9°O.02 ga anole ut 


> aoe a? 
ie TO" M [€&[0.0 Bes M OPYOO.0 , M OB800s @} 
Lal 


seovti aqee 


BOs 
PAB IE al 


The Change in Absorbance at 450 mu During the Reduction 
of Nitrobenzene by 0.150 M Hydrosulphide 


Ton 


Data plotted in Fig. 11. 


Initial nitrobenzene molarity 
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- 99. 
As the rates have been plotted in terms of absorbance change, the 
value of the slope must be divided by 35.0 (the extinction coef- 
ficient of hydrodisulphide at 450m). This gives a first order 


rate constant of 8.45 x 10°7/ BOL = Sale ox lO? ee ~~ Divide 
ing this by the initial nitrobenzene concentration (0.00940 M 

in each case) a second order rate constant of 2.57 x 10°* liter 
mole + alae is obtained. This compares favorably with the value 
of 2.68 x 10“ Leon pollo — min’ obtained from the data in Table 
13. (see below). The close agreement supports the assumption made 
as to the course of the reduction and of the nature of the poly- 
sulphide (HS,,) produced in situ. 

The dependence of the initial rate of disappearance of nitro- 
benzene upon initial nitrobenzene concentration is illustrated in 
Fig. 12. Using the initial rates of reaction (Table 13), it is 
seen that the reaction is first order in nitrobenzene concentra- 
tion. 

It is realized that the limited range of initial concentra- 
tions of nitrobenzene and of hydrosulphide ion used to demonstrate 
the order of reaction is unsatisfactory. The range is limited 
in the first place by the low solubility of nitrobenzene in water 
and secondly by the slowness of the reaction at lower hydrosul- 
phide ion or nitrobenzene concentrations. In any case the order 
of reaction has already been adequately determined by Goldschmidt's 
work (52) and the present work serves to corroborate this by em- 
ploying different analytical methods. 

C. Comparison of ease of reduction of nitrobenzene by hydrosulphide 
and hydrodis Eee 


In order to test the relative reducing abilities of hydro- 


sulphide and hydrodisulphide at the pH (10.3) and temperature (50°) 
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Fig. 12. Effect of change in initial nitrobenzene concen- 
tration on its rate of reduction by aqueous 0.150 M HS 
at 50.0°C. Initial a Denacne concen tEay rons for runs 

Oo: 


p) 


I to V are 0.0068 M, 0.0079 M, 020102 M and 0.0132 M resp. 
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TABLE 13 


Dependence of Réduction of Nitrobenzene by Hydrosulphide 


Ion on Nitrobenzene Concentration 


Initial nitrobenzene Rate of decrease in Rate of decrease 


concentration absorbance® at 267mu in absorbance + 
(absorbance at OS absorbance of nitro- 

267 mu) (min™') benzene x 10 

(min-') 

0.482 1.94 4,03 

Os D2 6 Dal 4,05 

0.334 ES DS) as 

0.289 aS ak) 5 S/ 

0.248 a OF: 4,06 


ye Obuaimed from the initial slope of plots in Pig. 12, corrected 
decrease m 

by application of the relationship—-" Corrected,absorption of 

Nitrobenzene = 1.15%observed absorption". Initial slopes of 

the plots in Fig. 12 were multiplied by the factor 1.15 and 


these corrected slopes are recorded above in column 2. 
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- 9, - 
of the solutions employed, one run was carried out wherein suf- 
ficient sulphur was predissolved in the 0.150 M solution of hy- 
drosulphide to make it 0.0150 molar in hydrodisulphide. Fig. 13 
shows that the deliberate addition of this sulphur as hydrodisul- 
phide definitely accelerated the rate of reduction by a factor of 
1.8 (after correction for interference of phenylhydroxylamine at 
267 mi). This information is evidence that hydrodisulphide ion 
does reduce nitrobenzene more readily than does hydrosulphide ion 
and that hydrodisulphide is the entity responsible for the auto- 
catalytic nature of the reaction. The conclusion made previously 
(see p.77) that hydrodisulphide and hydrosulphide in aqueous eth- 
anol possessed comparable reducing abilities must now be modified 
for the reduction in corer ancy aqueous media. It is likely that 
in aqueous ethanol the hydrodisulphide is also somewhat more effec- 
tive than is hydrosulphide but the difficulty and consequent error 
involved in estimating the interference (due to sulphur) of the 
acidified hydrodisulphide at 265 mp under those conditions could 
readily have masked the relativity small increase in rate due to 
hydrodisulphide. In the aqueous media used in the present work 
there was no comparable difficulty as the sulphur formed on acidi- 
fication of the hydrodisulphide ion was completely precipitated 
(see Experimental section). 

The initial reduction, quite evident in Fig. 8 and in Fig. 13 
(plot I), is due chiefly to HS . A small contribution may arise 
from the unavoidable traces of hydrodisulphide present. However 
the fact that the rate of reduction was increased by a factor of 
only 1.8 when as much as 10% of the hydrosulphide was in the form 


of hydrodisulphide, shows that small traces of the latter as a 
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Fig. 13. The effect of addition of sulphur as hydrodi- 
sulphide to a solution of sodium hydrosulphide on the 
rate of reduction of nitrobenzene.Initial nitrobenzene 
concentration 0.0068 M. Plot I,reduction by 0.150 M HS . 
Plot Il,reduction by 0.150 M HS containing©.0150 M 


of dissolved sulphur as hydrodisulphide. 
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TABLE 14 


The Effect of Dissolved Sulphur on the Rate of 


Reduction of Nitrobenzene by Hydro- 
sulphide 


Initial nitrobenzene concentration, 0.0068 M. 
Initial hydrosulphide ion concentration, 0.135 M. 


Initial hydrodisulphide ion concentration, 0.015 M. 


Data plleotted in Figs23 «(the data for plot I being the 


same as for plot I in Fig. 12) 


Time(minutes) Absorbance(267 mn) 
2 OF256 
10 0. 236 
20 O22 
29 0.207 
54 OF LEZ 
) Omi 52 
100 0.130 


* The observed absorbances have been multiplied by a 
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contaminant could not have contributed much to the rate of re- 


duction shown initially by the solution of sodium hydrosulphide. 


Determination of rate constants for the hydrosulphide and hydro- 
al hi ti. nit n 

An approximate value of the rate constant (k,) for hydrosul- 
phide reduction of nitrobenzene in aqueous media can be obtained 
from the data in Table 13. ‘Using the expression -dA_/dt=k, [HS] A, 
where A is the concentration of nitrobenzene in terms of absor- 
bance, and noting that the average value of (-dA_/dt) / A, = 4.02 

=); =a 


= -2 = 
ve AO) 3 min , k. becomes 2.68 x 10 liter mole 1 Maral 


From this value of ky and with the information available in 


Fige 13, it is now possible to obtain a value for the hydrodisul- 
phide reduction rate constant, Kye Here it is assumed that the 
solution of elemental sulphur (S,) in a large excess of sodium 
hydrosulphide produces only the species HS, although the solu- 
tion may actually contain mixtures of higher polysulphides as 
contaminants. Accordingly, from Fig. 13, plot II, where [HS ] 

= 0.135 M, HS, = 0.015 M, the absorbance of nitrobenzene, A 
0.500 and the initial slope is dA /dt =. diced, 1% 1073 min , appro- 


n 


priate substitution in the expression -dA,/dt = kK [ us” J Ant K5X 
(xs, ] A, Sives k, = 1.92 x Ojenglitae mentee 4 seminy He 

Comparison of these rate constants shows that sodium hydro- 
disulphide reduces nitrobenzene about 7 times more rapidly than 


does sodium hydrosulphide. 


D. The reduction of phenylhydroxylamine by hydrodisulphide_ion 
The reduction of phenylhydroxylamine by aqueous sodium hy- 


drosulphide containing hydrodisulphide is due essentially to the 
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hydrodisulphide species. Hydrosulphide itself reduces the hydrox- 
ylamine very slowly (Table 7). Certainly in the first 90 minutes 
of reaction, reduction with a mixture of hydrosulphide and hydro- 
disulphide occurs practically only by hydrodisulphide with simul- 
taneous decrease in the hydrodisulphide concentration. It has been 
possible to follow the reduction of phenylhydroxylamine during 
the first 90-100 minutes by measuring the decrease in absorption 
of hydrodisulphide at 450mu. The results are shown in Fig. 14. 

) If it is assumed that the reaction between phenylhydroxyl- 
amine and hydrodisulphide is first order in each component, a 


value can be obtained for the rate constant, k for the disap- 


’ 
pearance of hydrodisulphide by use of ie pee Ue ame = Peay = 
k, [hydroxylamine || HS, }. From a measurement of the initial rate, 
dA, g-/dt = 2.00) = 10ne igo, obtained from Fig. 14, where 4,7 
is the absorbance of the hydrodisulphide, the concentration i 

the hydrodisulphide is 0.406 expressed as absorbance and the con- 


centration of phenylhydroxylamine is 0.010 M, substitution in the 


above expression gives Ky Seal xX Won. liter tole + min “~~ “Ehas 


indicates that phenylhydroxylamine is reduced by hydrodisulphide 
about 2.7 times more rapidly than is nitrobenzene. This difference 
in rate explains the findings in Table 7, and the failure to find 
phenylhydroxylamine in nitrobenzene reduction by hydrodisulphide. 
F. Source of hydropolysulphide in air-free hydrosulphide solutions 
Considering the precautions taken to eliminate atmospheric 

oxygen, it is difficult to explain the slow appearance, in sodium 
hydrosulphide and sodium sulphide solutions, of the yellow colour 
characteristic of polysulphide solutions. In particular, as poly- 


sulphide solutions are actually oxidized by air to colourless 
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Fig.l. Disappearance of hydrodisulphide ion during the re- 
duction of a 0.010 M solution of N-phenylhydroxylamine by 0.150 M 
aqueous sodium hydrosulphide containing sufficient elemental 


sulphur to convert about 8% of the hydrosulphide to hydrodi- 
sulphide. 
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TABLE 15 


Change in Absorbance at 450 mp During the Reduction 
of N-Phenylhydroxylamine~ by Hydro- 
disulphide Ion 


Initial concentration of hydrosulphide ion, 0.150 M, 
containing 7.7% elemental sulphur as hydrodisulphide ion. 


Data plotted in Fig. 14. 


Time(minutes) Absorbance(450 mp) 
0 0.4057" 
6 0.396 
ila 0.390 
16 0.382 
25 0.372 
55 0.558 
45 0.345 
56 (CRS) oye 
60 OMA 
65 0.321 
80 05505 
OF 0.290 
116 OB275 


ee 


* initial concentration 0.0100 M 


** calculated 
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solutions, which as a result contain thiosulphate, it is necessary 
to explain the slow but definite appearance of polysulphide in 
these colourless solutions in the absence of air. Mellor (68) 

has explained this as a reaction between sulphide ion and thio- 
sulphate ion. Thus a solution containing both sulphide ion and 
thiosulphate ions, when boiled in the absence of air, soon acquires 
the deep yellow colour characteristic of polysulphide solutions. 
Mellor has suggested that since one of the sulphur atoms in the 
thiosulphate ion is relatively loosely bound, it is removed by 

the sulphide ion to give polysulphide and sulphite ions accord- 
ing to the following equation: 

St + $40, = oo s0," (es) 
Thiosulphate is certainly present as an impurity in the sodium 
sulphide used in this work (see Experimental section). However, 
it was found during the course of this work that addition of 
excess sulphite ion to polysulphide solutions caused an immediate 
discharge of the solution's yellow colour. Apparently the re- 
verse of the above reaction was taking place. The two observa- 
tions can be reconciled, as the reaction indicated by equation 
r is considered to be an equilibrium (68). Thus at very low 
sulphite ion concentrations and in the absence of air the forma- 
tion of small quantities of polysulphide is possible. 

G. Summary of the course of reduction of nitrobenzene by aqueous 
sodium hydrosulphide 


The results of the foregoing rate studies in conjunction 


with the stoichiometry presented in Part IV D. of this. section, 
support the course of reduction of nitrobenzene by aqueous hydro- 


sulphide ion which is represented by the following stepwise 
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reactions. 


A. RNO, + 2HS + HO —> RNHOH + 25°" 30H” 


B. Soe Hess HS, (major reaction) 
and 
Seep HORE A PERO Ge 2HS + H,0 (minor reaction) 
C. RNHOH + HS, —> RNH_ + so + OH (major reaction 
é z faster than 
Step A) 
and 
RNHOH + HS —» RNH + S° + OH (minor reaction 
2 slower than 
Step A) 


D. Reaction of the sulphur produced in Step C according to reac- 
tions in Step B, except that the major reaction is now con- 


version of this sulphur to $0, rather than to HS, F 


From the data in Parts IV D.and E of this section it is 
seen that approximately 2/3 of the thiosulphate ion produced 
in the complete reduction of nitrobenzene comes from the sul- 
| phur obtained in Step C via the reduction of the phenylhydroxyl- 
amine, while the remaining 1/3 arises from the sulphur produced 
by Step A. The preference of elemental sulphur, Saad BF 
Step C, to form 5 fap rather than HS while the major portion 
of the sulphur from Step A is converted to cae, rather than io.O. 


2 3 
might be related to the greater degree of solvation of the phenyl- 


hydroxylamine. The prevalence of water molecules solvating the 
basic hydroxylamine portion would lead to rapid interaction be- 
tween the liberated hydroxyl group with the elemental sulphur 
formed before much of the latter could escape into the bulk solu- 


tion where the normal competitive reaction with OH and HS occurs. 
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The lower degree of solvation of the nitro group would enable 

the elemental sulphur to escape into the bulk solution more 
readily. However, in the latter case, the formation of this 
active sulphur in favorable juxtaposition with the hydroxyl 

ions also formed in the reduction of nitrobenzene by HS” (Step A) 
would explain the considerable amount of 3.0, formed in this reac- 


tion wherein the concentration of OH in the bulk solution is 


very much less than that of HS . 


The possible role of S, in the reduction of nitrobenzene by 
aqueous sodium sulphide-ammonium chloride 


By way of a footnote to the foregoing wrk on the reduction 
of nitrobenzene by hydrosulphide or hydrodisulphide ions it must 
be stated that the contribution of the S, species to the observed 
rates of reduction has been assumed to be negligible. This assump- 
tion may be a fallacious one. Using the results of Kuster and 
Heberlein quoted previously (p.10) it is seen that the hydrolysis 
constant value for disulphide ion (viz. 0.045) gives a SoH /S, 
ratio of 45:1 at the pH encountered in this work. Kuster and 
Heberlein indicate on the other hand that an aqueous one molar 
solution of disulphide ion is about 30% hydrolyzed (23). This 
corresponds to a hydrolysis constant of about 0.13 giving a SoH / 
S, ratio of 130:1 for the solutions used in this work. However 
the value of 0.045 is corroborated to some extent in the present 
work. On page 31 it was show that a 4 M solution of sodium hy- 
droxide was required to push the equilibrium $+ HO 8 H+ OF 
largely to the left. If at this hydroxyl ion concentration the 
ratio $8 /S) is of the order of 1X fo" the K value would be 


4 xX fore: ieee close to the value 0.045. 
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A consideration of either of the two values obtained above 
Lor SH /S, indicates the presence of 1-2% of the S, species. 
In view of its very superior reducing ability to the ve ion 
(from Figs. 2 and 7 a factor of at. least 10° in aqueous ethanol 
is suggested) it is probable that some, if not most, of the ob- 
served rate which has been attributed to HS was due to the Ss. 
species. 4 é 

if the contribution of S. is indeed an important one, the 
principal modification to be applied to the rate studies is one 
of redefinition. Thus the rate constants obtained for the re- 
duction of nitrobenzene and phenylhydroxylamine by HS must be 


redesignated as applying to the reduction of these compounds by 


both BS and S DY The rate of reduction of nitrobenzene is then 


given by the expression 
Rate = [Pano ] ( k*[ HS Jeu is] ) 
which with the expression iS [us\ lox” ] / [s,] gives 


Rate = Pano, ]fas"] ("+ kas [ome Vk) 
Thus the rate constant a obtained on page 97 is a composite of 


‘the individual contributions of S. and HS,, i.e. 
cere te On | 7h 
eas ial h 


The value for the rate constant a obtained on page 97 is of 
course unaffected by the foregoing considerations. 

The important conclusions remain, as regards the autocataly- 
tic effect of the disulphide (protonated or otherwise) generated 
during the reaction and as to the relative rates of reduction of 


nitrobenzene and phenylhydroxylamine by the mixture of See and SH. 
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SECTION 2 
RESULTS AND DISCUSSIONS 


Pare wi 
The Relative Rates of Reduction of p-Alkylnitrobenzenes by 
Hydr hi Ion 


A. Method of rate determination 

Due to the difficulties involved in making accurate allow- 
ance for interfering polysulphide absorbance, a method for fol- 
lowing the rate of disappearance of the p=-alkylnitrobenzenes 
spectrophotometrically was abandoned. It was decided therefore 
to use the rate of appearance of polysulphide as a measure of 
the rate of reduction in each case. That this approach is a 
valid one can be seen from the following considerations. 
The rate of appearance of polysulphide 
The increase in Aeon De Acs at 450 my is a measure of the rate of 
increase in hydrodisulphide concentration and is dependent on the 
following series of reactions. There is an initial very slow re- 
duction of the nitro compound by the hydrosulphide ion to give 


sulphur and hydroxyl ions, according to the equation 


RNO + 2HS + H,0 —> RNHOH + 20H + 28 (k) 
The further reduction of N-phenylhydroxylamine by hydrosulphide 
ion to aniline is a much slower reaction than that of nitroben- 
zene reduction shown in equation k. Hence N-phenylhydroxylamine 
accumulates at the expense of nitrobenzene as the reaction pro- 
ceeds. 
The sulphur, which is in a very reactive form (possibly 


atomic) quickly reacts with hydrosulphide ion to form hydrodi- 
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sulphide 


Siren simu: (i 
3 (p) 


and also with hydroxyl ion to form thiosulphate 


hese Ch es S5Qac 2HS + H.0 (a) 


The hydrodisulphide thus formed also reduces the nitro compound 
slowly, but about seven times faster than does the hydrosulphide, 


to produce more active sulphur and hydroxyl ions 


RNO, + 2HS + HO —> RNHOH + 20H 4 hs (s) 


This sulphur will also be consumed via reactions p) and a). Sub- 


sequently, as the phenylhydroxylamine concentration increases hy- 


drodisulphide ion is removed via the reaction 


2 RNHOH+ 2HS"+ 20H” —>olRNH + $,0,+ 2HS + H,0 (q) 


As this reaction is faster than the reduction of nitrobenzene 
by hydrodisulphide ion, the accumulated N-phenylhydroxylamine 
eventually disappears more quickly than does the nitrobenzene. 

However if only the initial rate of formation of hydrodi- 
sulphide is considered, then it is apparent that at zero time 
when the concentration of hydrodisulphide ion is almost negli- 
gible, the contribution of reactions gs and g to the overall rate 
can be neglected. If all the sulphur produced by reaction k were 
completely accounted for by reaction p, none going via reaction 
a, then the rate of appearance of hydrodisulphide would be given 
by 

a(HSy/at =k [ xs" ]] RNO, | 

The proportion of sulphur reacting via equation p will be con- 


trolled by the relative concentration of hydrosulphide ions to 
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hydroxyl ions. As hydrosulphide ion is initially present in 
fairly large excess its concentration can be considered as re- 
maining approximately constant for some time after the reaction 
has started. Likewise hydroxyl ion concentration remains essen- 
tially constant for most of the reaction due to the buffered 
nature of the reduction solution. If a fraction xw of the sul- 
phur reacts via equation p, then the rate of formation of hy- 


drodisulphide is given by 
4 (HS?) /at = ok [HS J BNO, ] 


Accordingly, in comparing the relative rates of reduction of two 
different nitro compounds, if the initial concentration of hy- 
drosulphide ion is the same in each case, the value of & will 
also be the same in each case. In addition, by making the ini- 
tial concentrations of the different nitro compounds the same, 
the ratio of their respective rate constants can be obtained 
directly from the ratio of their corresponding initial reaction 
rates. In this case the rate of increase of absorbance at 450my 
at zero time is a measure of the initial reaction rate. 

B. Result the relative rate stu : 

The above reasoning was then applied to a comparisonof the 
relative reducing rates of some para-alkyl substituted nitro- 
benzenese The compounds considered in addition to unsubstituted 
nitrobenzene were p-methyl-, p-ethyl-, p-isopropyl-, p-t-butyl- 
and p-cyclohexylnitrobenzene. Conditions were arranged so that 
initial concentrations of hydrosulphide and nitro compound in 
each case were identical. 

The original intention had been to carry out this compari- 


son using sodium sulphide as the reducing agent. However, because 
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of the simultaneous oxidation of the methyl group of para-nitro- 
toluene by the alkaline polysulphide as discussed in the intro- 
duction (see also the Experimental section), this approach was 
abandoned. It was established that no comparable oxidation took 
place when hydrosulphide ion was used as the reducing agent. 
Acidification of the final reduction mixture produced no deep 
red colour, as was observed when sodium sulphide was the reduc- 
ing agent (see Experimental). 

In the cases of the para-methyl and para-t-butyl nitroben- 
zenes it was shown that the final product of reduction was the 
corresponding amine in each case (see Experimental). 

The greater reducing power of hydrodisulphide compared with 
hydrosulphide made it imperative that the initial concentrations 
of this contaminating hydrodisulphide be identical in all reduc- 
tion rate determinations. This required each reduction to be 
carried out at least twice and usually three or four times, in 
order to obtain a comparable series. The effect of a small change 
in initial concentation of hydrodisulphide is demonstrated in 
Fig.l5 for the reduction of p-nitrotoluene (0.0250 M) by 0.150 M 
hydrosulphide ion. Plot I, Fig. 15 is that for the reduction of 
a solution with initial absorbance of hydrodisulphide at 450mpu 
of 0.023, whereas plot Il, Fig. is a composite of two such re- 
ductions where the initial absorbances at 450mp are only 0.006 
and 0.008. The latter plot also demonstrates the degree of re- 
producibility of the measurements when all initial concentrations 
are practically the same. 

A comparable series, obtained as outlined above, is shown 
in Fig. 16. Solutions for all five runs had an initial absor- 


bance at 450myp, due to contaminating polysulphide, of 0.025+0.002. 
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Fig. 15. The reduction of 0.0250 M p-nitrotoluene with 
0.150 M HS in aqueous media. The effect of initial small 
amounts of contaminating HS. on the relative rate of red- 
uction. Plot I-for 0.150 M HS containing HS whose concen- 
tration is expressed by an absorbance of 0.023 at 450 m. 
Plot II-two separate reductions,initial absorbances of 


HS. at 450 mu being 0.008, O and 0.006, @ . 
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TABLE 16 


The Effect of Initial Low Concentrations of HS, on 


the Rate of Reduction of 0.0250 M p-Nitro- 
toluene by 0.150 M Hydrosulphide 


Ion 


Initial Absorbance at 450 mp 


0.006 0.008 0.023 
tes Absorbance Minutes Absorbance Minutes Absorbance 

0.002 4 0.003 6 0.003 
Oso 10 0.006 12 0.007 
0.019 16 0.008 all G. O13 
0.030 20 Oe One: 30 0.020 
0.038 26 QO.014 AQ 0.027 
0.046 30 (OS OIET. 45 Seat 
0.050 De) 0.019 De 0.036 
0.058 62 O72 O59 64 0.044 
0.065 ee 0.045 (2 0.053 
0.090 81 G2 052 98 One7 aL 
| 92 0.058 109 0.077 
101 0.066 114 0.082 
Ae On One 120 0.086 

2a 0.080 

LOD 0.087 

140 0.092 
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Fig.16. The change in absorbance at 450 mp during the 
reduction of the p-alkylnitrobenzenes (0.0250 M) by 0.150 M 
hydrosulphide ion in 76.5% by weight ethanol in water at 


50.0°C, The alkyl groups are H-, © ; CH-, A | CoH, 43 
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PAB. 27 


The Change in Absorbance at 450 mp During the Reduction 
of the p-Alkylnitrobenzenes(0.0250 M) by 
Hydrosulphide Ion 


Solvent 76.5% by weight ethanol in water contaminating 


HS, had an absorbance of 0.02540.002 at 450 mp’ in each 


case. 
p-Alkylnitrobenzene 
Methyl Ethyl Cyclohexyl 


Minutes Absorbance Minutes Absorbance Minutes Absorbance 


6 0. 003 10 O. 007 10 0.009 
2 0.007 16 O75 Onl2 18 0.016 
ad (C5 (0108) 20 O20 At O. O19 
30 0.020 30 02025 28 0.027 
40 OR027 BY 0.032 38 0.037 
45 Os snk 45 0.037 44 0.041 
52 0.036 67 0.057 De 0.049 
64 0.044 TA 0.066 66 0.063 
(2 0.053 86 0.073 74 0.067 
98 0.071 100 0.084 80 0.078 

109 OOie ILS Os OSH 87 0.087 
114 0.082 29 eos, 94 0.095 
120 0. 086 alee 0.108 
A10) 0.093 13) O.112 

L25 0.123 


EE a I ee gC PN PO eee ee 
* The " blank" absorbance subtracted from all the observed 
absorbances (continued) 
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TABLE 17, continued 


p-Alkylnitrobenzene 
i-Propyl t-butyl Hydrogen 
Minutes Absorbance Minutes Absorbance Minutes Absorbance 
4 0.00% 4 0.005 5 0.010 
10 0.009 ih 0.009 16 0.034 
ARS) 0.014 10 0.013 23 0.049 
fag 0.018 1%) 0.017 30 0.071 
24 0.026 16 0.021 DD) 0.086 
We 0.030 1g) 0.025 41 Q,,1110 
38 0.036 (De 0.028 48 0.134 
43 0.041 25 0.4053 58 0.166 
55 0.053 30 0.040 65 0.186 
60 0.058 35 0.045 
2 Oe One 4.0 O2e52 
80 0.081 45 0.057 
90 0.088 Bh 0.065 
100 OZ O39) 64 0.081 
1a) O.112 {fal 0.088 
130 0.124 ie GAOQV2 
80 0.099 
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Sallie 
The results of the reductions of the p-alkylnitrobenzenes, shown 
in Fig. 16, certainly indicate a qualitative order of electron 
release in the sequence methyl > ethyl >i-propyl=cyclohexyl > 
t-butyl> hydrogen. Quantitatively, the initial slopes in each 
case give a measure of the relative reduction rate constants of 
the nitro compounds, on the basis of the reasoning outlined above. 
The reductions were carried out, as before, at 50.00 0.03 C and 
the initial concentrations of hydrosulphide ion and the nitroben- 
zene were 0.150 M and 0.0250 M respectively in each case. The 
solvent was 76.5% by weight ethanol in water. The following re- 
lative rate constants for the reduction of the p-alkylnitroben- 


zenes were obtained from the initial slopes of the plots in Fig. 16. 


Substituent Hydrogen Methyl Ethyl i-Propyl t-Butyl 
Relati rat 18) 0. 33 0.39 0.46 0.65 
Constants 


As indicated, these results were obtained for the reductions in 
76.5% by weight ethanol in water. It has been suggested, as will 
be considered in more detail in the subsequent discussion, that 
the Baker-Nathan effect is actually a solvent effect rather than 
due to the electron release implied in the original concept of 
the term hyperconjugation (see references in the discussion below, 
Paraty vale ©)! It was hoped that in this work observations could 
be made on the effect of change of solvent on the relative rates 
of reduction of the para-alkyl nitrobenzenes. Unfortunately the 
compatibility and solubilities of both nitro compounds and the 
inorganic reagents required for reduction greatly limited the 


choice of solvents. The work was thus of necessity confined to 
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Fig. 17. Change in absorbance at 450 mp during the reduction 
of I,0.0250 M p-nitrotoluene and II,0.0250 M p-t-butylnitro- 
benzene by 0.150 M hydrosulphide ion in 51.5% by weight 


ethanol in water. 
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TABLE 18 


Relative Rates of Reduction of p-Nitrotoluene and 
p-t-Butylnitrobenzene by Hydrosulphide Ion 
in 50.5% by Weight Ethanol in Water 


Data plotted in Fig. 17. Initial concentration of hydro- 
sulphide, 0.150 M and of the nitrobenzene, 0.0250 M. 


p—-nitrotoluene p-t—butylnitrobenzene 
Minutes Absorbance’ Minutes Absorbance’ 

7 0.002 10 0.0095 
12 O27 C055 12 0.012 
20 0.0095 18 0.017 
26 Oo G12 20 O20USg 
30 0.014 26 OF 025 
DD Oz OUE5 30 0.029 
40 0.0205 BD) 0.034 
47 0.0245 42 0.042 
Be. OsO2% 46 0.045 
60 0.032 50 0.049 
67 OO) 7/ 55 @055 
74 0.042 61 0.062 
90 OeOs2 65 0.065 
96 Of O55 70 0.070 
103 0.060 76 0.076 
85 0.084 

93 0.092 

100 0.096 


* 450 mp 
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the use of aqueous alcoholic solutions containing not more than 
50% nor less than 20% water. Accordingly, only the two extremes 
of alcohol water mixtures compatible with the solutes were used 
to demonstrate the effect of change in solvent composition on 
the relative rates of reduction. It was found, (Fig. 17) that 
the ratio (1:2.0) of the initial reduction rates of p-nitroto- 
luene and p-t-butylnitrobenzene in a solution 50.5% by weight 
ethanol in water was identical (within experimental error) with 


the value found in 79% ethanol in water (Fig. 16) 
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Jon of ft Me ts in t the B r-Nath 
The original concept of hyperconjugation, as proposed by 
Baker and Nathan (69) suggested the existence of a second means 
of electron release by alkyl groups in addition to the normal 
inductive mechanism. They suggested that when a methyl group 
is attached to a conjugated system, the electron duplet forming 
the carbon-hydrogen bond is appreciably less localised than that 
in a similarly placed carbon-carbon bond. Thus this auxilliary 
mode of electron release, sometimes referred to as "no-bond re- 
sonance".is tautomeric in nature. On the basis of electron re- 
lease solely by the inductive mechanism, the order of increasing 
electron release is given by hydrogen< methyl< ethyl< i-propyl< 
t-butyl. However, if hyperconjugation is the predominant mode 
of electron release, the alkyl group containing the most alpha 
carbon-hydrogen bonds will provide the largest electron release; 
the order becoming hydrogen< t-butyl< i-propyl< ethyl <methyl. 

In the first place Baker and Nathan demonstrated that this 
electron release was electromeric in nature. Thus in the face 
of high electron demand in the transition state or activated com- 
plex it is brought into play, not having been present in the ground 
state of the molecule. Later Baker, Nathan and Shoppee (70) dem- 
onstrated that this electron release could also be mesomeric in 
naturee In other words it could be present in the ground state 
of the molecule. This had to be tested in a reaction normally 
facilitated by electron recession from the reaction center, ive. a 
reaction retarded by the presence,.of electron releasing groups. 
They illustrated this mesomeric nature of hyperconjugation with 
the sodium ethoxide catalyzed prototropy of benzylidene para-alky- 


lated benzylamines; i.e. for the reaction. 
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n-( pc ~N=CH=-C,H onziab R= ( )ecHEN-cH -C ,H 
2 65 =, Zn Ore 
where R-was H=-, CH.-,i-C_H_= and t-C H = 
(where R-was f a 3ho is ) 


The ionisation of carboxylic acids is also a reaction faci- 
litated by electron recession from the reaction site, which in 
this case is the hydroxylic oxygen. The ionisation constants 
of the para~alkylated benzoic and phenylacetic acids have been 
examined (71) and appear to exhibit a general reversal of the 
inductive order of electron release, although with some jumbling 
of the order in the case of the benzoic acids. 

The hypothesis of hyperconjugation has become the subject 
of much study and also much controversy in the two decades since 
it was first proposed (69). When physical measurements have been 
used to assess the relative electron releasing ability of the 
alkyl groups, the normal inductive order of electron release has 
been observed. This has been the case, for example, with the 
dipole moments (72) and the ionization potentials (73) of the 
alkylbenzenes. However, in many rate and equilibria studies, 

a partial or total inversion of the inductive order has been 
found (74 & 75). This has been interpreted by several authors 

in terms of a solvent effect (76-79) and also as a steric effect 
- (80), rather than as a mechanism of electronic origin. Schubert 
suggested that the apparent contradiction between chemical and 
physical data can be resolved by taking the role of solvent sta- 
bilisation into account. Thus in terms of ring solvation the 
methyl group would provide less steric hindrance than the t-butyl 


group to solvation near the site of attachment of the alkyl group 
(76). 
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Shiner (77) likewise, considered the role of the solvent as en- 


hancing carbon-hydrogen hyperconjugation over carbon-carbon hy- 
perconjugation by hydrogen bonding of the solvent with the alpha 
hydrogens of the alkyl group. Clement and Naghizadeh (79) have 
been able to relate solvation energy to the Baker-Nathan effect 
exhibited in the methanolysis of p-methyl and p-t-butylbenzyl 
chlorides. Thus the t-butyl compound, which underwent methan- 
olysis more slowly than the corresponding methyl compound, was 
also shown to be less strongly solvated than the methyl com- 
pound. 

Burawoy and Spinner (80) neglected solvent considerations 
completely and cengidemed bine alkyl group as releasing electrons 
by an inductive mechanism only. Hyperconjugation was then as- 
cribed to steric hindrance to bond contraction of the carbon-car- 
bon bond between the alkyl group and the benzene ring. The hin- 
drance should be larger for t-butyl than for methyl. 

In turning to the problem of the p-alkyl nitrobengenes, it 
is well established that the reduction of aromatic nitro compounds 
is facilitated by electron recession from the reaction centre}; 
i.eo by electron withdrawing groups. This has been shown to be 
true for stannous chloride (81), titanous chloride (82 & 83) and 
sodium disulphide reductions (10). 

Schubert et al. have studied the ultra-violet spectra of the 
p-alkylated nitrobenzenes in the gaseous state and in a variety 
of solvents (84). The excitation process, represented by 
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state and is responsible for the "principal band" in the ultra- 
violet spectrum. This excitation process produces a large elec- 
tron demand on the para-alkyl group. Using the wavelength of 

the "principal band" as a measure of the electron contribution 
of a substituent, an electron donating goup would be expected 

to produce a bathochromic and an electron withdrawing group a 
hypsochromic shift, relative to unsubstituted nitrobenzene. Thus 
the alkyl group providing the largest electron release will pro- 
duce the largest bathochromic shift. Using this criterion, it 
was found that in the gaseous phase the normal inductive order 
was obtained. However, in basic solvents such as water and al- 
cohol a jumbling of the order appeared, tending eoneedG the hy- 
perconjugative order. In acidic solvents like 70% perchloric 
acid, or in non-polar solvents such as heptane, the tendency was 
towards the inductive order. However Rao et ale claim that these 
results may be partly explained as being "due to the uncertainty 
in the mechanism of the substituent effects on the transition." 
(85). Elsewhere, (86) Rao concludes, in view of conflicting in- 
terpretations in the literature, "the evidence for hyperconjuga- 
tion from the absorption spectra of alkyl substituted benzene de- 
rivatives is not definitive." 

In any case the role of the solvent in apparently modifying 
electron release is not completely explained by Schubert's hypo- 
thesis. Stock and Himoe (87) have studied the effect of solvent 
on the rates of chlorination of toluene and t-butylbenzene. The 
reaction was first of all examined in six acetic acid solvents 
varying in water content from 0.0 to 27.6 M. This variation pro- 


duced no significant change in the relative chlorination rates of 
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the two compounds,which were in the hyperconjugative order. 
The reaction was further examined (88) in various stucturally 
different solvents and again this produced no change in the 
relative rate,beyond the variation expected for the observed 
reagent selectivity. Stock concluded from this work that the 
Baker-Nathan effect is to be identified with a polar influence 
rather than a solvent effect. On the other hand,nitration of 
toluene and t-butylbenzene in a variety of solvents showed a 
consistent inductive order of relative substitution rates (89). 

The present work on the reduction of the para-alkylnitro- 
benzenes does not offer any new insight as to the origin of 
Baker-Nathan effect,but merely provides another example of its 
existence in a reaction facilitated by electron recession from 
the point of attack. The limitations to solvent variation in 
the reaction under study has precluded any attempt to relate 
the observed Baker-Nathan order ito any possible solvent effect. 
It was qualitatively established however that the t-butyl com- 
pound was less soluble in water than the methyl compound and 
presumably it follows that in the aqueous ethanolic reaction 
solvent the t-butyl compound would also be less solvated than 
the methyl compound. On the basis of Schubert's hypothesis, 
the t-butylnitrobenzene would have a less negative entropy of 
activation than p-nitrotoluene thus accounting for the observ- 
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ALS 
SECTION 3 
EXPERIMENTAL 
Part) i 
Chemicals, Solvents and Solutions. 

A. Chemicals 

Sodium sulphide Me SHE) obtained from the Nichols 
Chemical Company, was of reagent grade. It was colourless and 
apparently free from the yellowish polysulphide impurities found 
in sodium sulphide obtained from some other sources. Before be- 
ing weighed, each crystal of the sulphide was carefully wiped 
free from any adhering moisture. 

Sulphur was Merck sublimed material, used without further 
purification. 
Nitro Compounds 

Nitrobenzene was Fisher certified reagent grade material. 
This was distilled before use at a5, - 86 C Eu cual(O)sals ssyryanal SLO) v5 

-Ni to - was Fisher reagent material, which was re- 
crystallized from ethanol and melted sharply at 51,5 C. Lit.m-ep. 
51.8-52.0 (91). 

p-Ethylnitrobenzene, p-i-propylnitrobenzene, p-cyclohexyl- 
nitrobenzene and p-t-butylnitrobenzene were all prepared by nitra- 


tion of the corresponding alkylbenzenes. The mixtures of isomers 
were separated by fractional distillation until a constant re- 
fractive index was obtained. The p-t-butylnitrobenzene was puri- 
fied further by two successive crystallizations from methanol. 
The p-cyclohexylnitrobenzene was also recrystallized twice from 


ethanol. 
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Observed Physical Properties of Compounds Prepared 


p-alkylnitrobenzene and BiP. Ce MP. 1c. Refractive 
Preparation Reference obtained obtained index 
p-ethyl (92) 120/10mm. “ 1.5457 @ 20 C. 
Lit ..126/13mm. Lit.1.5459 (92) 
(92) 
p-isopropyl (93) 132/12m . - 1.5355 @ 25 C. 
Late oly aint. Lite - le 5352 @ 
(94) 25.5°C. (8h) 
p-cyclohexyl (95) - 58 _ 
He hy SS) 
(95) 
p-tert.-butyl (96) » 28 = 
Lite. 2oe4 
($4) 


N=Phenylhydroxvylamine was prepared as described in "Organic Syn- 
theses" (97) by the reduction of nitrobenzene with zinc dust. 

The crude product was recrystallized twice from skellysolve to 
give fine, colourless needles which melted sharply at 82°C. By 
storing it at S70 Ca, the compound remained unchanged and colour= 
less indefinitely. 

Aqueous ethanol (40%) was prepared by addition of the requisite 
amount of distilled water to 95% ethanol. This solution was 
deaerated before use by gentle reflux and subsequent cooling 


under an atmosphere of oxygen-free nitrogen. 


B. Solutions 
The Beer's Jaw plots for the nitrobenzene solutions are given 


O 
in Fig. 18 and are based on the values determined at 25 C which 


are recorded in Table 19. 
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Hig. 18. Beer's liaw plots at 25°C for nitrobenzene solutions 
@ in water at 267 m, O in 40% by weight ethanol in water 
at 265 mu. 
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PABLE 19 


Relationship between Absorbance and Concentration 


for Nitrobenzene Solutions 


Readings made at 25°C. Data plotted in Fig. 18. 


40% by weight 


Water 
ethanol in water 

Molarity Absorbance Molarity Absorbance 

5 5 
X10 at 265 mp X10 at 267 mp 
0.97 0.078 2. 96 0.220 
4.85 O. 380 Dis ie 0.434 
Stogiial 0.760 10.4 Os 1D 
14.50 1ai20 5 9) ae aE SNS) 


From Fig. 18. Molar extinction coefficients of 7760 and 
7340 are obtained for aqueous—ethanol and water solutions 


respectively. 
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The stock solution of sodium sulphide was prepared by the addi- 
tion of sufficient Hel coe (neglecting the change in the water 
concentration due to the water of hydration) to the 40% aqueous 
ethanol to make the solution 0.960 molar with respect to the 
Maye This stock solution was then diluted appropriately with 
the 40% aqueous ethanol in the preparation of a 0.160 M solu- 
tion of sodium sulphide. A 0.160 M solution of sodium sulphide 
made in this manner contained 61.2% of water and 38.8% of ethan- 
ole The concentrations referred to were for 50.0 C. 

The solutions were prepared at 25°C and the weight of sod- 
ium sulphide required at that temperature multiplied by a fac- 
tor of 1.0210 was taken. The value of 1.0210 is the ratio of 
the specific gravities of the solvent (38.8% by weight ethanol 
in water) at 25°C and at 50°C as obtained from the values given 
in the International Critical Tables (98). 

The absorbances of the resultant solutions were measured 
at 450 my taking the usual precautions to exclude air. The mea- 
surements were obtained at room temperature (25°C) and also at 
50.0 C. The results for the sodium sulphide solutions of sul- 
phur in aqueous ethanol are recorded in Table 20 and pileecede am 
Figo 19. The corresponding results for the aqueous sodium sul- 
phide-ammonium chloride solutions appear in Table21 and are 
plotted in Fig. 20. 

One milliliter aliquots of the sodium sulphide solutions 
of sulphur in aqueous ethanol were diluted 100-fold by aqueous 
ethanol which was approximately 0.005 M in hydrochloric acid. 
The absorbance of each resultant solution was then measured at 


265mu and is recorded in Table 22 with the corresponding 
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Fig. 19. A plot of the concentration of sulphur dissolved 
ala Ole ILO) Nt Nays in aqueous ethanol vs. the absorbance of 


disulphide at 450 mp at 25°C,O,and at 50°C,@. 
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TABLE 20 


Relationship between Absorbance at 450 my and the 
Molarity of Sulphur Dissolved in 0.160 M 
Sodium Sulphide 
Solvent, 40% by weight ethanol in water. 
Data plleotted in Fig. 9. 


Temperature, 25°C Temperature, 50°C 
Molarity x10" Absorbance Absorbance’ 
3034 0.088 
5.01 Og LIZ 
Oa Be 0.166 
6.68 CPUSO 
Soo) (Og ZakzZ 
So Ao) O02 256 
IKG)5 BIS 0.280 
14.20 0.345 
0.360 0.440 
ILS 19 0.400 
0.441 0.540 
LTP RSO 0.452 
21.40 0.520 
0.560 0.685 
0.650 Geng 
CA] SONY) OoGri 
30.00 (Oh aL) 


a 


* Corresponding molarity not determined. 
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Fig.20.A plot of the concentration of sulphur dissolved in 


0.150 M Na.S vs. the absorbance at 450 mp at 50.0°C..@ in 


Z 
40% by weight ethanol in water and O in water alone. 
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TABLE 21 


Relationship between Absorbance at 450 mu_and the 
Molarity of Sulphur Dissolved in 0.150 M 
Sodium Hydrosulphide 


Data obtained at 50.0°C and plotted in Fig. 20. 


40% by weight 


ethanol in water Water 
3 3 
Molarity X10 Absorbance Molarity X10 Absorbance 

25 Ole EN 2.84 0.108 

So eul 0.330 gia 0.178 

Sina.) 0.445 (hacut Ge2i0 
10.04 OniD ee) 0.410 

a1: 5% D6 Oe ao) ZO 0.437 
1260 0.545 


The blank cell contained 0.150 M hydrosulphide ion 


with no added sulphur 
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ABSORBANCE at 265mu 
Fig. 21. The absorbance at 450 my of solutions of 
Sulphur in 0.160 M Naps vs. the corresponding absorbance 
at 265 mp after 100-fold dilution and acidification 
AGE 


with a standard aqueous ethanolic solution of HCl. 


absorbances measured at 25°C. 
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TABLE 22 


Calibration of Interference Due to Sulphur at 265 my 


Molarity of sodium sulphide before dilution, 0.160 M. 
Solvent, 40% by weight ethanol in water. 
Absorbance measurements made at 25°C 


Data plotted in Fig. 21. 


Absorbance at 450 mu Corresponding absorbance 
atieco> ma 
0.160 0.065 
0.350 0.098 
C2728 0.213 
1.060 0.325 
is ALO On 70% 
We (2) 0.510 


* After 100-fold dilution and acidification (see text) 
The blank cell for both sets of readings contained the 
corresponding sodium sulphide solution with no added 


sulphur. 
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absorbance at 450mu before dilution. The plot in Fig. 21 re- 
lating these te absorbances gives a factor of 0.294 for absor= 
bance at 265mp after dilution divided by the absorbance at 450mu 
(25°C) before dilution. The corresponding factor for the absor- 
bance at 450mp at 50.0°C is O.240. This latter factor has been 
used to determine interference due to sulphur in measurements at 
265my for nitrobenzene. 
Typical calculation for interference at 265myu due to sulphur 
From Figs. 19 and 21 the following relationship is obtained for 
sodium polysulphide solutions in 10% (by weight) ethanol in water. 

Absorbance at 450mp (50-c) Xe Ou2n0 

= Absorbance at 265mu after acidification 

and 100-fold dilution at 25°C. 

The factor of 0.240 was used to correct for sulphur interfer- 


ence in Figs. 2 and 4. The corresponding absorbance at 450m 


in each case was obtained from Figs. 3 and 5. 


Example 
Observed absorbance at 265myp = 1.190 
Correspoming absorbance at 450mp = O523'5 
Sulphur absorbance at 265my = 0.235X0.240 
= ©5057 
Nitrobenzene absorbance at 265m # 1.190=0.057 
= ile dbs\'s} 


When sodium hydroxide was added (as in Figs. 4 and 5) the ob- 


served absorbance at 450mp was first divided by a correction 


factor obtained from Fig. 1 before applying the above treatment. 


These factors are given below. 
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Molarity of NaOH Correction factor 
0.160 1.10 
0.320 1.20 
0. 800 13S) 
1.600 1.50 


The stock solution of sodium sulphide = ammonium chloride was 
obtained by first preparing a 0.900 M solution of sodium sulphide 


in deaerated, distilled water. This was placed in a flask equipped 


with a stirrer, and the surface of the solution was blanketed 

by a stream of nitrogen. The electrodes for the pH measurement 
were immersed in the liquid and solid ammonium chloride was added 
in portions, while rapid stirring was maintained. The addition of 
solid ammonium chloride was continued until the pH had been re= 
duced to 10.5 at 25 C, giving a solution 0.944 M in ammonium 
choride. 

The resultant solution was then forced out through A wamane 
disc, under nitrogen pressure, into the reservoir flask. This 
flask and the whole system used in the reduction experiments had 
previously been flushed out with nitrogen. 

Preparation of Polysulphide Solutions 

The procedure adopted for the preparation of these solu- 
tions was essentially the same for aqueous ethanolic sodium sul- 
phide as for aqueous sodium sulphide - ammonium chloride. Sul- 
phur was added to a weighed Erlenmeyer flask fitted with a ground 
glass stopper and provided with a magnetic stirring bar. After 
the flask was weighed, the air in the flask was displaced by a 


gentle stream of nitrogen, and an aliquot of the sulphide or 
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hydrosulphide solution (usually 50 mls) added. With the flask 
securely stoppered, (the stopper being well greased) the mixture 
was then rapidly stirred at room temperature until dissolution 
of the sulphur was complete. In the case of ethanolic sodium 
sulphide this was usually accomplished within one hour. The 
aqueous hydrosulphide, however, had to be left stirring overnight 
in order to completely dissolve the sulphur. 

The solutions required for the comparative absorption of 
disulphide and hydrodisulphide ions were made up as follows. AI1l 
preparations were carried out in an atmosphere of nitrogen. To 
the stock solution of 0.960 M sodium sulphide was added the re- 
quisite amount of elemental sulphur. Ten-milliliter aliquots 
of the resulting solution were separately treated with base, acid, 
or bicarbonate as required and subsequently diluted to 60 ml with 
the 40% aqueous ethanol. The aliquot which was to supply the sol- 
ution of disulphide was first basified by addition of the necessary 
amount of solid sodium hydroxide to give a concentration of added 
base equal to 4 M and then the volume made up to 60 ml. One of 
the aliquots which was to supply the solution of hydrodisulphide 
was acidified by slowly adding the requisite quantity of constant- 
boiling hydrochloric acid to the rapidly stirred solution. The 
pH of the solution was followed during this addition and found 
to be 10.7 when all the necessary hydrochloric acid had been added. 
To the other aliquot was added an equimolar quantity of solid so- 
dium bicafbonate in an attempt to convert all the sodium sulphide 
and sodium disulphide to the corresponding hydrosulphide and hy- 
drodisulphide (61) and then the volume made up to 60 file) has 


fe) 
solution was cooled to OC and the sodium 
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carbonate allowed to precipitate. The supernatant solution of 
sodium hydrosulphide and.sodium hydrodisulphide (pH = 10.7) was 
removed from the flask, under nitrogen pressure, through a por- 
ous plate. 

The solutions of sodium hydrosulphide, and sodium hydrosul- 
phide containing hydrodisulphide, were prepared from the 0.960 M 
sodium sulphide stock solution, by appropriate addition of ele- 
mental sulphur in the latter case, and then suitable acidifica- 
tion with hydrochloric acid during the dilution, to give the 


final concentration of 0.160-mole per liter. 
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SECTION 3 
Part iI 
A @ Er Employed in the Rate Determinations 


A. Apparatus 

A Beckman Model DU spectrophotometer, equipped with a power 
pack, was used to make the absorption measurements. Matched, 
glass-stoppered quartz cells of 10-mm light path were used for 
all measurements. 

The cell compartment was thermostatted with the Beckman dou- 
ble thermospacer unit. By providing this with an asbestos-coated 
wooden lid, it was found that, once thermal equilibrium had been 
attained, the temperature of the cell contents could be maintained 
at 50.00+.03 °C. This was determined by taking periodic thermom- 
eter readings during the course of several typical reductions. 

The thermometers of both thermostat baths were checked against 
a thermometer calibrated by the National Bureau of Standards. No 
correction for 50.0 C was found to be necessary. 

The pH determinations were made with a Beckman Zeromatic 
meter equipped with a high pH electrode. The standardization was 
made with a saturated solution of calcium hydroxide (Fisher "cer- 
tified" reagent), purified by leaching five times with distilled 
Wauere elhas was sa) pi Jot 12.) Saar 25°C (99). Standard buffers 
were used at lower pH. 

The reductions were carried out in a 500-ml, four-necked 
flask fitted with an efficient, water-cooled reflux condenser, a 
stirrer with an air-tight seal, an inlet for the addition of sod- 
ium sulphide solutions, and an inlet for a nitrogen bleed. In 
addition, a tube dipping below the surface of the solutions held 


a l-ml pipette 
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thus permitted sampling so that there was a minimum of exposure 
of the solution surface to air. The apparatus was thermostatted 
at 50.0 C, A calibrated dropping funnel was used to introduce 
the solution of sodium sulphide into the reaction vessel. The 
funnel was connected to a darkened two liter flask which contained 
the stock solution of the reducing agent. A system of connecting 
tubes with suitable stopcocks was used, which allowed transference 
of stock solutions (including the deaerated solvents) from their 
storage flasks to the reaction vessel (via the funnel) under ni- 
trogen pressure. 
Jap die ur 

The reaction vessel was first flushed with nitrogen and sub- 
sequently a slight positive pressure of nitrogen was maintained 
in the apparatus above the solution throughout the entire reac- 
tion period. The nitrogen was passed through alkaline pyrogallol 
solution before use. 
Sodi ide r ti 

About 50 ml of the stock solution (0.960 M sodium sulphide 
in aqueous ethanol) was added to the reaction vessel, followed 
by a sufficient volume of the mixed solvent to give a final con- 
centration of 0.160 M sodium sulphide. For the cases which re- 
quired the addition of sodium hydroxide or elemental sulphur, the 
necessary quantity of the reagent was added before the diluting 
solvent had been completely added, followed by the remainder of 
the solvent needed to make up the required volume. The solutions 
made by the addition of sodium hydroxide or sulphur were allowed to 
stand for one-half hour to ensure equilibration of the species in 


the solution. No change in absorption (»+1%) was noted in such an 
equilibrated solution, even upon prolonged standing. Finally, the 


nitrobenzene was introduced, by means of 
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a Victor Meyer bottle, into the rapidly stirred solution. 

For following the change in absorption at 450mu, the Beck- 
man DU cell container was thermostatted at 50.0°C. The glass- 
stoppered cell, previously flushed with nitrogen, was completely 
filled with freshly prepared initial reaction solution obtained 
from the reaction flask and the change in absorbance was mea- 
sured continously and directiy. This eliminated errors due to 
cooling and air oxidation which would occur if fresh samples 
were taken periodically from the reaction flask. 

To follow the change in nitrobenzene concentration, l=-ml 
samples were withdrawn from time to time and immediately diluted 
to 100 ml with a standard mixture of 40% aqueous ethanol con- 
taining four times the calculated amount of hydrochloric acid 
required to convert all the sodium sulphide to Bs and the amine 
to the hydrochioride. These solutions, properly protected and 
capped, were allowed to stand for the duration of the experiment 
(2-4 hours) before measurements were made, and then the absor- 
bances were obtained at 25°06 at 265 mu. The period of standing 
produced no alteration in absorption and thus permitted the 
choice of a more convenient time for the absorption Peccanemedee 
Interfering absorption at 265mu due to polysulphide was subtrac- 
ted from the total absorption at this wave length to give a mea- 
sure of the nitrobenzene concentation. The magnitude of this 
interfering absorption due to polysulphide was evaluated as out- 
lined an Part 8B of this ‘section. 

The sodi s hide=ammoni hloride reductions 
The reductions were carried out using essentially the same 


apparatus and procedure as in the previous work with sodium 
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monosulphide. The vei iux condenser was dispensed with, however, 
as in trial experiments it was found that considerable condensa- 
tion of hydrogen disulphide took place tere, followed by de- 
composition and deposition of sulphur. The reaction mixture was 
at all times blanketed by nitrogen which had been passed through 
alkaline pyrogallol. Two hundred and fifty ml of an aqueous sol- 
ution of nitrobenzene was pipetted into the reaction vessel and 
allowed to reach the thermostatted bath temperature (50.00+ 0.03°C). 
Then 50 ml of a 0.900 M sodium sulphide-ammonium chloride solu- 
tion, firsy brought to 50° in a jacketted vessel, was introduced 
from an automatic pipette. The solution was thus 0.150 molar 
with respect to hydrosulphide and 0.015 molar or less in nitro- 
benzene. Time measurements were begun when all this solution 
had been added. 

° For spectrophotometric measurements of polysulphide in the 
visible region at 450 mp, a portion of the reaction mixture was 
transferred by means of a warmed pipette to a glass-stoppered sam- 
ple cell in the thermostatted cell compartment of a Beckman DU 
spectrophotometer. The glass cell, previously flushed with a 
stream of nitrogen was filled completely with the solution so 
that no space was left between the solution surface and the 
stopper. 

The yellow condensate was presumed to be hydrogen disulphide. 
This had been prepared by the distillation of acidified sodium 


disulphide (100), and probably arose from the hydrolysis of hy- 
drodisulphide ion in this work. 


Sie to = ns + CH 
2 2 2, 2 


mea 4 


The condensate was soluble in ethanol, but addition of water 
caused decomposition to a yellow solid. The solid burned with 
a blue flame, giving the characteristic odor of sulphur dioxide. 
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It was important that the stopper fitted well (a small quantity of 
Apiezon grease was used) in order to exclude atmospheric oxygen 
and to prevent loss of nly and other volatile components of the 
reaction solution. That these solutions were in fact unaffected 
by air oxidation was borne out by the fact that under these condi- 
tions polysulphide solutions could be kept for two or three days 
with no noticeable decrease in absorbance (i.e.>+1%). 

The spectrophotometric method previously used for estimating 
the nitrobenzene concentration was modified so that the 1 ml sam- 
ples removed from the reaction mixture at timed intervals were 
diluted to 200 ml with 0.002 M aqueous hydrochloric acid. This 
procedure effectively "froze" the reaction and caused any poly- 
sulphide to be precipitated as sulphur leaving a residual "blank" 
absorbance due to the inorganic components. This blank was found 
to be constant for the course of the reaction. However, as the 
precipitated sulphur appeared in a very finely divided form it 
was necessary to allow the diluted sample to stand for 24 hours 
before the sulphur settled completely and absorption measurements 
at 267m were made. 

Re ti t ra-alk nitr n 

The same apparatus and procedure used for the sodium sul- 
phide-ammonium chloride reduction of aqueous nitrobenzene was 
employed here. Two hundred milliliters (at 25°C) of 95% ethanol 
was introduced into the flask with 50 ml of a 0.1500 M solution 
(at 25°C) of the nitrobenzene solution in 95% ethanol. When this 
solution had reached 50 C the 50 ml of stock aqueous sodium sul- 


phide solution was added with rapid stirring. Some of 
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the solution was then quickiy transferred to the spectrophoto- 
meter cell, taking all the precautions outlined previously. Only 
readings at 450 mp were taken. Ail attempts to make readings 

in the ultra-violet region were unsatisfactory. Apparently the 
ethanol present prevented the precipitation of sulphur in the 
normal acidification-dilution technique and thus gave rise to 


interference in the absorbance measurements. 
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Det inati nd Isolation Organic R tion Produc 


In order to simplify the extraction procedure, the quanti- 
ties of reactants used in the reduction were increased, although 
still keeping a large excess of sodium sulphide over nitroben- 
zene. Nitrobenzene (12.30 gm ) was dissolved in one liter of 
aqueous ethanol (40% by weight ethanol) containing 120 gm of 
HasS 9H Os The reaction mixture was maintained at 50°C for five 
hours in a stoppered one-liter flask. The solution was then 


O 
evaporated under reduced pressure at 50 C to remove the ethanol. 


The remaining mixture, after dilution with 200 ml of water, was 
extracted three times with ether and the combined extracts eva- 
porated to dryness. The resultant oil was completely soluble in 
hydrochloric acid, the solution providing 12 gm (90%) of aniline 
hydrochloride, mopo 198 ¢ Cites, (60) 198°C). 
(2) p-Nitrotoluene 

Using 13.7 gm (0.1 mole) of p-nitrotoluene and the same 
procedure as outlined for nitrobenzene, 10.14 gm (97%) of crude 
p-toluidine were obtained mop. 39° - 42°C. Acidification with 
concentrated hydrochloric acid produced an intensely red solu- 
tion, which on extraction with ether left a colourless aqueous 
layer. Basification of the aqueous layer gave 9.0 gm of p-tol- 


O 
uidine, which after sublimation, had a mop. of 44 C. The ether 
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extract provided only 0.2 gm of an infusible, amorphous red solid 
which was not steam distillable (40). 
B. Sodium sulphide-ammonium chloride reductions of p-nitrotoluene 
=-—ni = t= b 

From typical reduction mixtures of each, a 100 ml aliquot of 
the solution was removed after a reaction period of about 12 hours. 
These were evaporated at 50 C on a rotary evaporator until an oil 
separated. The oily amine was extracted with ether and the ether 
extract dried over anhydrous sodium sulphate. Evaporation of the 
extract to dryness, gave the amine in each case. Acidification 
of this material obtained from the p-nitrotoluene reduction gave 
no red colour, indicating the absence of any*p-aminobenzaldehyde. 
Moreover this solid was completely soluble in acid. The p-tolui- 
dine, m.ep. lace gave 30mg of the hydrochloride corresponding to 
a 75% recovery. The crude p-amino-t-butylbenzene was obtained as 
an oil. Yield, 30 mg, 80% recovery. In order to characterize 
this amine, it was prepared independently by refluxing an ethan- 
olic solution of p-nitro-t-butylbenzene with a three-fold excess 
of stannous chloride and hydrochloric acid for one hour. The sol- 
ution was evaporated to dryness, basified with sodium hydroxide 
solution and extracted with ether. The ether extract, after dry- 
ing over anhydrous sodium sulphate, was evaporated, leaving the 
amine as a yellow-brown oil. N-(p-t-butylphenyl)-p-tolylsulphon- 
amide was prepared from the two samples of the amine by tosyla- 
tion (101). After recrystallization of the derivatives from 
ethanol, both melted at W5sG- A mixed melting point carried 
out on the two substances gave no depression of melting point. 


Furthermore, their infrared spectra were identical. 
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The infra-red spectrum obtained from a film of the amine 


1 and at 3370 om 


exhibited strong N-H absorbance at 3450 cm 
(102). 
C. Sodium sulphide-ammonium chloride reduction of nitrobenzene 

From a typical reduction mixture initially 0.01 M in nitro- 
benzene and 0.150 M in hydrosulphide ion, a 100-ml1 aliquot was 
removed after an 18-hour reaction period. This solution was ex- 
tracted with three portions of ether, totalling about 50-ml. The 
ether extract was shaken with one ml of concentrated hydrochloric 
acid and the two liquid layers separated. The ether layer on eva- 
poration to dryness left no residue. The acid extraction on care- 
ful evaporation to dryness gave 75 mg of aniline hydrochloride 
as an almost white, crystalline solid, mp. 198°C; TeaaGie 198°C (60). 
This represents about a 60% recovery of the amine based on the 
initial morobengene concentration, and considering the small 
quantities involved is probably as high as can be expected. 
D. Utility of vapor phase chromatograp Ye 

A Burrell Kromotog K-2 was used for all V.P.C. analyses. 
A 2.5-meter column, containing a celite support coated with 20% 
of its weight of silicone rubber, at a temperature of 210°C with 
a helium flow rate of 70 ml/min, gave good separation of a known 
mixture of aniline, phenylhydroxylamine and nitrobenzene (See 
Files 22 vie 

At elevated temperatures (120°) phenylhydroxylamine is known 
to decompose into products, two of which are believed to be aniline 
and azoxybenzene (103). Under the present conditions, authentic 
azoxybenzene showed no retention band on the chart, whereas phenyl- 


hydroxylamine gave two peaks of retention time 135 and 180 seconds. 
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Fig.22. The vapour phase chromatogram of a synthetic 
mixture of N-phenylhydroxylamine,aniline and nitrobenzene 
in chloroform.The shaded area in the aniline peak approx- 
imately represents the aniline produced from phenylhydrox- 
ylamine decomposition.Column conditions as per p.146. 


*Marked in 15 second divisions. 
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The second band was shown to be due to aniline. The identity 
of the first band was not established although it may have been 
due to the unchanged hydroxylamine. The important observation 
made was that the ratio of these two peaks under the conditions 
of this analysis was found to be constant at a value of second 
peak/first peak=1.13+ 0.03, regardless of the original quantity 
of phenylhydroxylamine, or solvent used, or the presence of 
nitrobenzene. The value of the ratio of 1.134+0.03 is the aver- 


age value obtained from the five following determinations. 


Peak areas (Cm”) 

Peak 1 Peak 2 Peak 2 

| Peak 1 

Retention time 135 secs. Retention time 180 secs. 

0.78 0.87 Led 
D8 Die 1.10 
BO 53 209k HES 
3053 4.07 abo als 
3.70 4.20 1.12 


By calibration with authentic aniline and phenylhydroxyl- 
amine it was thus possible to analyse mixtures of aniline an 
phenylhydroxylamine by first measuring the area of the peak of 
retention time 135 seconds and multiplying it by the factor 1.13 
to obtain the area of the peak for the aniline produced by phenyl- 
hydroxylamine's decompostion during the analysis. The difference 
between this calculated area and the actual area was due to addi- 
tional aniline present with the phenylhydroxylamine before the 
V.P.C. determination. The analysis of several such synthetic 


mixtures did show dearly the presence of as little as 5% aniline 
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originally present. Although this analysis was not highly acc~ 
urate it did show qualitatively the presence or absence of phen- 
ylhydroxylamine and aniline as reduction products. This analysis 
was used in conjunction with infrared analyses for OH stretching 


a =] 
at 3580 cm A and 3700 em due to phenylhydroxylamine (102) 


Rag 


n h lhydr lami 
The example considred is for the results obtained from the reduc- 
tion of 0.010 M phenylhydroxylamine by 0.150 M hydrosulphide 
carried on for 50 hours. 

Calibration factor of aniline peak = 2.26 X 10°’ moles/ sq. 
em. Calibration factor of the 135 second retention time peak due 
to phenylhydroxylamine = 5.90 X 10ne moles/sq. cm. (Note: 
Both these factors were obtained as average values of three 
separate passes) 

Results Area of first peak = 1.09 sq ocms. 
Area of second peak = | 10,4 sq.cms. 
Thus area of that portion of the second peak due to phenylhy- 


droxylamine = 1.09 X 1.13 = 1.23 sq. ems. 


Therefore area of second peak due only to aniline 10.4 = 1.23 = 9.2 


Sqo cms. which when multiplied by the calibration factor gives a 


value of 2.1 X 10°© moles. From the area of the first peak, the 


number of moles of phenylhydroxylamine remaining = 1.09 X 5.9 X 10% 


ols som! moles 


6h 


Therefore the percentage of the original phenylhydroxylamine re- 
duced to aniline = 75%. 
Analysis of the reaction mixture after 60 minutes reduction time 


The practically colourless mixture, 0.010 M in nitrobenzene 
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and 0.150 M in hydrosulphide, was allowed to react. A slow de- 
velopment of yellow colour (measurable at 450 mp) due to hydro~ 
disulphide occurred. After 60 minutes of reaction a 100-ml ali- 


\ 


quot was extracted with ether, the ether extract dried (MgSO, ) 
and then freed of solvent. ' The residue was taken up in chloro- 
form. Analysis by V.P.C. indicated the presence of very little 
aniline, approximately 1-2%, but much phenylhydroxylamine as 


well as unchanged nitrobenzene. Strong absorption in the in- 


frared characteristic of phenylhydroxylamine corroborated these 


results. 


18 hours reduction time 


A 100=-mi aliquot of the above yellow reaction mixture, re-- 
moved after 18 hours of reaction, when treated as above showed 
by V.P.C. anaiysis the presence only of aniline along with a 
small amount of unchanged nitrobenzene. No absorption in the 
infrared region due to phenylhydroxylamine could be detected. 
Other organic reduction produc f_ nitrobenzene 

A carbon tetrachloride solution of the extracted reduc- 
tion products, taken at intervals during the course of the rea-~ 
ction, was at all times colourless. Measurements at the A oy 
at which éegoxybengene, and agobenzene absorb showed no increase 
in absorption, thus demonstrating that bimolecular reduction 
products were absent. 

Phenylhydroxylamine reduction by hydrosulphide 

An aqueous solution, O.01 M in phenylhydroxylamine and 
Q.150 M in hydrosulphide, was allowed to react at 50°, No de- 
velopment of yellow colour due to hydrodisulphide occurred 


throughout the course of reduction. A 100-ml aliquot was removed 
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after 50 min. of reaction time and analyzed. V.P.C. showed no 
significant formation of aniline, thus indicating no significant 
reduction during this time. The same results were obtained 
from an aliquot removed after 90 minutes of reaction. 

After a 24-hour reaction period however, a considerable 
amount of aniline had been produced, indicating that a slow re~ 


action did occur between phenylhydroxylamine and sodium hydro- 


sulphide. 
Phenylhydroxylamine reduction by hydrodisulphide 


An aqueous solution was prepared 0.01 moiar in phenylhy- 

droxylamine and 0.150 molar with respect to hydrosulphide ion, 

containing enough elemental sulphur predissolved in the sodium 
| hydrosulphide solution to convert about 7 to 8 per cent of the 
hydrosulphide to hydrodisulphide. The concentration of hydro=- 
disulphide was measured by reference to a Beers! law plot of 
absorption at 450 mp versus concentration of sulphur in aqueous 
0.150 molar sodium hydrosulphide (see Fig. 20) 

A continual decrease in absorption at 450 mp occurred as 
reduction progressed. An aliquot removed after 70 min. of re- 
action indicated by V.P.C. analysis that about 30% of the phenyl- 
hydroxylamine had been converted to aniline. After 1000 minutes 
of reaction approximately 90% of the hydroxylamine had become 


aniline. 
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SECTION 3 
EXPERIMENTAL 


Pat. oi 


The iodometric titrations for thiocsuiphate and sulphide 
ions employed in this work were carried out by standard pro= 
cedures (63). Pure iodine was used as the primary standard. 

A. Thiosulphate determination in the reduction of nitrobenzene 
b dium sulphide in aqueou thanol 

A typical reduction mixture 0.160 M in sodium sulphide and 
0.0150 M in nitrobenzene) containing no dissolved sulphur was 
maintained at 50°C for 24 hours. 4A 100=ml aliquot of the solu- 
tion was then removed and added to a suspension of freshly preci- 
pitated cadmium carbonate. The latter was prepared from equi- 
molar quantities of sodium carbonate and cadmium sulphate. A 
two-fold excess of the cadmium carbonate based on the original 
sodium sulphide concentration was employed. Tne resultant sus= 
pension was stirred vigorously for 30 minutes by which time the 
odour of hydrogen sulphide was no longer evident. The whole sus-= 
pension was then transferred to a rotary evaporator and evapor=- 
ated at 50°C under reduced pressure almost to dryness. Consid-= 
erable "bumping™ took place even under these conditions. The 
resultant mixture was shaken vigorously with 200 ml of water, 
filtered and the remaining solid material waned twice with 
water. Titration of this solution with iodine using a starch 
indicator gave a thiosulphate ion concentration in the reduction 


solution of 0.004 M. 
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B. Thiosulphate determinations in the reduction of nitrobenzene 
by_aqueous sodium sulphide-ammonium chloride 

The estimation of thiosulphate ion concentration formed by 
the reduction of nitrobenzene with 0.150 M sodium sulphide-amm- 
onium chbride in aqueous solution was first carried out by using 
cadmum sulphate as a precipitant for sulphide and polysulphide 
ion. However, it was found that co~precipitation of thiosulphate 
under these conditions was even more extensive than that observed 
in the ethanolic sodium suiphide system. In fact, using only 
small aliquots (15 ml) of the final reaction mixture, practically 
no thiosulphate was detectable. When 100=ml aliquots were taken 
the apparent thiosulphate concentration was approximately 0.001 M 
in the final reduction solution. However, as the conditions of 
this particular reduction, viz. aqueous solution and relatively 
low pH, presented no difficulties in the use of cadmium carbonate 
as a precipitating agent, it was decided to determine thiosulphate 
concentration using this reagent. 

An excess of a freshly prepared suspension of cadmium car= 
bonate was used to precipitate sulphide and di for poly) sul- 
phide from a 100 mi aliquot of the reaction mixture. It We 
found necessary to remove the organic material (chiefly aniline) 
from the aliquot of the reaction mixture by ether extraction prior 
to the treatment with cadmium carbonate. If this was not done, 
complete precipitation of sulphide and disulphide could be brought 
about only by repeated treatments with cadmium carbonate. More- 
over, the filtrations involved were hampered by the tendency of 
the precipitate to clog the porous plate of the filter, thus 


making the procedure quite time-consuming. By prior removal of 


x However, addition of ammonium chloride reduced the pH toa 
value less than 8 and permitted satisfactory titration of 


thiosulphate with 0.0500 N iodine to a starch end point. 
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the aniline it was possible to obtain complete precipitation of 
the sulphide species by only one application of cadmium carbon- 
ate suspension, vigorously stirred with the aliquot for 10 min- 
utes. Following the removal of all precipitate by filtration, 
it was found that the pH of the resultant solution was above 9, 
due to the presence of sodium carbonate. This base interfered 
in the titration with iodine by giving an indefinite end Bole ndalen. 

The procedure outlined above, when applied to synthetic 
mixtures of known amounts of sodium sulphide-ammonium chloride 
and sodium thiosulphate, gave quantitative recovery of the thio- 
sulphate. 

Cadmium carbonate freshly precipitated from an equimolar 
mixture of cadmium sulphate and sodium carbonate also proved 
to be very satisfactory as a precipitant for sulphide and poly- 
sulphide ions. However as this modification provided no marked 
improvement of the precipitation process it was not adopted for 
general use in this work. 
C. Estimation of initial thiosulphate and sulphide ion concen- 
trations in t reaction solutions 
Thiosulphate 

This was determined in the 0.900 M sodium sulphide-ammonium 
chloride solution by the same procedure as outlined above. A 
thiosulphate ion concentration of 0.0210 M was indicated cor= 
responding to 0.0035 M in the 0.150 M sodium sulphide-ammonium 
chloride solutions used in this work. 
Sulphi 6 


This determination was carried out on the original sodium 
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sulphide crystals ser Co Crystals of the sulphide were taken, 
wiped free from adhering moisture, weighed and dissolved in suf- 
ficient water to give a solution less than 0.01 M in sulphide 
ion. This was immediately titrated with 0.0251 M iodine solu=- 
tion, using a starch indicator. Excellent end-points were ob- 
tained and were found to be repeatable. Thus two separate ti- 
trations indicated that 0.1000 gm of the sulphide required 16.70 ml 
of 0.0251 M iodine solution. However from the results for thio- 
sulphate determination above it is evident that some of the io- 
dine is accounted for by the contaminating thiosulphate. The 
above values indicate that 0.20 mi of the iodine solution is due 
to the thiosulphate. Thus the sulphide ion in 0.1000 gm of the 
nonahydrate accounted for 16.50 ml of iodine solution which cor- 
responds to 0.00415 mole of sodium sulphide on the basis of the 


reaction stoichiometry as expressed by 


= = 


S + os — $5 + 21 
The theoretical number of moles is 0.1000/240.2 = 0.00416. Thus 


the sodium sulphide used contained 99.8% of the theoretical sul- 


phide ion content. 
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APPENDIX 


Possible Mechanisms for the Reduction of Nitrobenzene 


and Phenylhydroxylamine by: Sulphide and Hydrosulphide Ions 


Any mechanism for the reduction of nitrobenzene by the 
S',SH ,S5 or 85 species must explain the following observations. 

1. At low hydroxyl ion concentration,as encountered 
in Goldschmidt's work (52) and where Bullock and Forbes (9) used 
a borax-boric acid buffer,sulphur is quantitatively precipitated. 

2. At higher pH polysulphide is formed,so that at the 
end of the reduction an overall increase in on and S,H is observed. 

4. In all these reductions there is an initial increase 
in the hydroxyl ion concentration. 

Although no evidence has been offered in this thesis 
for the presence of nitrosobenzene as a reduction intermediate, 
this has been assumed in the proposed mechanism below, This is 
partially by analogy with Haber's work (29) and also because no 
alternative route can be suggested which,while fulfilling the 
above three conditions, satisfies the overall stoichiometry of 
the reduction of nitrobenzene to aniline. 

Because of the polarized nature of the nitrogen-oxygen 
bonds in the nitro and nitroso groups,the nitrogen atom is rel- 
atively positive and hence the attack of the negatively charged 
reducing agent is expected to take place at this atom.It seems 
likely that attack on the oxygen atom would involve sulphur- 
oxygen bond formation rather than simply an electron transfer and 
Such a process would account for all the reducing species as 
sulphite or thiosulphate.Furthermore,it would be difficult to 
account for the observed pH increase and the stoichiometry by 
such a mechanism, 

The nitro and nitroso groups are considered to be hydro- 


gen bonded to water in the following mechanism.Although the 
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reaction sequence is only illustrated for the sulphide ion,a 
Similar mechanism is envisaged for the other species.The mech- 
anism is shown as involving nitrogen-sulphur bond formation, 
However a Similar mechanism proceeding by a direct electron 


transfer process would also explain the observed results. 
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It is proposed that the final stage involving reduct~— 
ion of the phenylhydroxylamine to aniline takes place via sulphur 
to oxygen bond formation.This is because the highly polarized 
N-O bond is now absent and the nitrogen no longer very positive. 
Moreover,this explains why phenylhydroxylamine discharges the 
yellow colour of SoH Ao elve thiosulphate ion.By analogy with 
the known solubility of oximes in alkali,a pre-equilibrium is 
Sugnbiaed involving proton removal.Sulphur-oxygen bond formation 
follows. 


CNeat + 1OHe = P-N=0F 9+ “HAO 
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The last equation constitutes a series of known reactions which 


with the preceding equations accounts for the observed stoichio- 
metry. 
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